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Global warming and exhaustion of fossil fuels have provided impetus for 
developing clean and inexhaustible alternative energy resources. Solar energy 
is obviously one of the most promising energy sources and research into 
improving the efficiency of solar energy conversion continues to attract 
attention. In recent years, nanomaterials have emerged as alternative building 
blocks to construct light energy harvesting assemblies, as the dimensionality 
(size and shape) of nanomaterials could be easily manipulated for optimized 
properties and performance. The main objective of the research work is to 
explore easily scalable methods to prepare several nanomaterials for solar 
energy applications. This thesis thus describes the synthesis, optimization of 
conditions, and the characterization of various semiconductor nanostructured 
materials including nanocrystals (NCs), nanotubes (NTs) and 
nanoheterostructures. Applications of these semiconductor nanomaterials are 
demonstrated and their performances are correlated to the synthetic parameters. 
 
A simple, efficient and easily scalable deposition method is developed to 
assemble SnS4
4-
-capped CdS NCs onto conductive substrates via 
electrophoretic deposition (EPD). We investigated various important 
dispersion parameters such as electrophoretic mobility, zeta potential and 
dispersion conductivity to obtain an optimized ethanoic dispersion of SnS4
4-
-
capped CdS NCs for EPD. Films of several micrometers thickness can be 
readily deposited in a controllable manner by varying the duration of 
deposition or applied voltage. Photoconductivity studies are performed on the 






-capped CdS nanocrystalline film to investigate its potential for 
optoelectronic devices. We propose that the trap states introduced by the 
Na4SnS4 ligands quenched the photoluminescence of CdS NCs and also 
resulted in persistent photoconductivity observed for the film. 
 
Next, we prepared TiO2 nanotube arrays (NTAs) and PbS decorated TiO2 
NTAs by using electrochemical methods. Subsequently, their photocatalytic 
behaviors are evaluated for the photodegradation of methylene blue (MB). In 
the electrochemical anodization of Ti foil, we found that the applied 
anodization potential plays an important role in controlling both the inner 
diameter and length of TiO2 NTAs. The effects of calcination temperature on 
the morphology, crystal structures and photocatalytic activity of TiO2 NTAs 
are investigated. In the electrodeposition of PbS onto TiO2 NTAs, the co-
deposition potential range whereby the simultaneous deposition of Pb and S 
occurs is first determined by using cyclic voltammetry. Various 
electrodeposition conditions (applied potential, electrolyte pH, and deposition 
duration) are optimized in order to grow cubic rock-salt structured PbS 
crystals on TiO2 NTAs. Photocatalytic degradation of MB by PbS decorated 
TiO2 NTAs is carried out to assess the enhancement of photoactivity due to 
PbS. 
 
CdS/TiO2 nanocomposites are prepared for photocatalytic hydrogen 
production using a simple and green chemical bath deposition method. In this 
method, CdS NCs are directly deposited onto TiO2 nanoparticles by refluxing 
an air-stable CdS molecular precursor (CMP), [(2,2’-bpy)Cd(SC{O}Ph)2], 




with TiO2 nanoparticles in a basic aqueous medium containing 1-thioglycerol 
(TG) as the capping agent under inert atmosphere. When the feed ratio 
between TG and CMP increases, both the size and surface coverage of CdS 
deposits decrease. On the other hand, while maintaining the feed ratio of 
TG:CMP, the deposition coverage of CdS NCs increases without any change 
in their particle size by decreasing the feed ratio between TiO2 nanoparticles 
and CdS precursor. Therefore, this method allows both the size and coverage 
of CdS NCs deposited onto TiO2 nanoparticles to be controlled. With the most 
optimal conditions, the specific hydrogen production rate of the CdS/TiO2 
nanocomposite prepared exceeds that of the pure TiO2 nanoparticles by ~25 
times. This enhanced hydrogen production activity is mainly caused by the 
improved light-harvesting capability arising from the CdS NCs deposited. 
 
A direct growth of CIS NCs on mesoporous TiO2 film is performed by using 
successive ionic layer adsorption and reaction (SILAR) deposition. The 
prepared CIS/TiO2 photoanodes are fabricated into semiconductor sensitized 
solar cells. The effect of annealing in sulfur vapor at various temperatures on 
the chemical composition, crystal structure and absorption property of the 
deposited CIS NCs is examined. The influence of number of SILAR cycles on 
the photoactivity of CIS/TiO2 photoanode is characterized by transient 
absorption and photoelectrochemical measurements. Although SILAR method 
resulted in a wide size distribution of the CIS deposited, the mean particle size 
of CIS NCs is estimated by using the band gap energies. 
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SSSC Semiconductor Sensitized Solar Cell 
SWCNT Single-walled Carbon Nanotubes 
TEA 2,2’,2”-nitrilotriethanol 
TEM Transmission Electron Microscopy 
TG 1-thioglycerol 
TOP Trioctylphosphine 
TOPO Trioctylphosphine Oxide 
UPD Underpotential Deposition 
UV Ultraviolet 
Voc Open-circuit Voltage 
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Chapter 1  
Introduction 
 
1.1 General Background of Light Harvesting Nanomaterials 
Due to the rising population and standards of living, the world’s energy 
demand is increasing steadily. The BP Statistical Review of World Energy 
2014 reported that the world’s energy consumption is increasing despite some 
attempts to increase the contribution from renewable energy sources.
1
 Also, it 
revealed that 87% of the world’s primary energy source was exploited from 
fossil fuels (oil, natural gas and coal) as depicted in Figure 1.1. Fossil fuels are 
non-renewable energy source and will face serious depletion problem sooner 
or later. Moreover, the use of fossil fuels was viewed as a major 
environmental threat since large amount of pollutants such as CO2, NOx, and 
SOx are expelled into the atmosphere.
2
 These emissions from the combustion 
of fossil fuels resulted in global warming and health issues.
3
 For these 
economic and environmental reasons, there is an urgent global need for 
renewable and environmentally clean alternative energy sources.
4
 One highly 
promising renewable energy source comes from the sun, which continuously 
sends abundant amount of radiation energy to the surface of the earth. About 
55 min of solar radiation incident on the earth surface contains as much energy 
as the world consumption in the year 2012.
5
 Another advantage of solar 
energy is its relatively low cost involved in long term power system expansion 
compared with conventional fuels.
6
 In all, solar energy is not only an 
environmentally sustainable solution to solve the present energy problem but 
also fulfils our increasing future energy demand. 




Figure 1.1 2012 World Energy Consumption by Fuels. (Reproduced with 
permission from ref. [1]) 
 
In order to harness solar energy economically, inexpensive materials systems 
capable of harvesting sunlight efficiently have to be developed.
7, 8
 In recent 
years, nanoscale materials have emerged as alternative building blocks to 
construct sunlight harvesting assemblies and presented new opportunities to 
achieve higher solar energy conversion efficiencies at lower costs.
9-16
 
Nanoscale materials are defined as substances that have extremely small sizes 
with at least one dimension in the order of 100 nm or less. Nanomaterials can 
be classified according to their dimensions such as (a) zero dimension (0D) 
spheres and clusters, (b) one dimension (1D) nanofibers, nanowires, and 
nanorods, (c) two dimensions (2D) films, plates, and networks, and (d) three 
dimensions (3D) nanomaterials as shown in Figure 1.2. They can exist in 
single, fused, aggregated or agglomerated forms with spherical, tubular, and 










Figure 1.2 Classification of Nanomaterials (a) 0D spheres and clusters, (b) 1D 
nanofibers, nanowires and nanorods, (c) 2D nanofilms, nanoplates and 
networks, (d) 3D nanomaterials. (Reproduced with permission from ref. [17]) 
 
The motivation for using nanomaterials such as nanocrystals (NCs) or 
quantum dots (QDs), nanotubes (NTs), nanowires (NWs) and 
nanoheterostructures emerges from their unique nanoscale properties that 
greatly facilitate the capture of photon energy and utilization of the 
photogenerated charge carriers.
18, 19
 Due to spatial confinement of the 
photogenerated electron-hole pairs in nanometer-sized semiconductor particles, 
the band gap of these particles is strongly dependent on their physical sizes. 
Therefore, absorption of solar energy can be optimized by controlling their 
sizes. Furthermore, nanoscale quantum mechanical mechanisms such as 
multiple exciton generation (MEG) and hot electron transfer may take place in 
semiconductor NCs.
20, 21
 1D nanostructured materials are equally attractive for 
solar energy conversion.
22-25
 Solar light can be sufficiently absorbed along the 
long axial dimension of the 1D nanostructures while separation of 
photoinduced charge carriers occurs in the shorter radial direction.
26
 In this 
way, trapping of charge carriers by defects and impurities can be minimized. 
Also, 1D NWs can provide convenient, high-quality electrical connections 
between components of a solar device system. More importantly, nanoscale 
integration of dissimilar 0D, 1D and 2D nanomaterials with distinct 
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compositions, structures and properties has the potential to further improve 
light harvesting efficiency by bridging the mismatched length scales of the 
fundamental processes in solar energy conversion namely, light absorption, 




In nanoheterostructures, separation of photoexcited charge carriers occurs at 
heterojunctions and is a crucial step for efficient solar energy conversion. 
Their nanoscale and quantum mechanical properties advantageously promote 
efficient charge transfer at heterojunctions in several ways. Firstly, the spatial 
separation of the photogenerated charge carriers within the 
nanoheterostructures results in the electron wave function mainly residing in 
one domain, whereas the hole wave function is localized more in the other 
heterostructure constituent. This reduced overlap of the electron and hole 
wave functions improves the rate and efficiency of electron transfer in these 
structures. Next, the band alignment can be tuned by adjusting the relative size 
of the donor–acceptor nanomaterials, as band gap and band energy levels of 
quantized nanomaterials are tunable through quantum confinement.
28
 
Accordingly, the band gap, band energy level and band alignment of these 
structures can be controlled to optimize light absorption and charge-transfer 
efficiency by modifying their sizes.
7
 Thirdly, their small physical dimensions 
allow the formation of epitaxial heterojunctions between materials with large 
lattice mismatches and different lattice orientations because the effects of 
lattice mismatch strains are minimized.
29-31
 Therefore, optimal charge transfers 
occur at the high quality heterojunctions between the donor and acceptor 
materials. Overall, nanoheterostructures can be synthesized between many 
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diverse materials with different optical properties pertinent for solar energy 
applications. 
 
This thesis thus focuses on the development of several nanomaterials for light 
harvesting applications. In the following sub-sections, we will first describe 
several preparation and growth mechanisms of light harvesting nanomaterials 
relevant to this thesis. Next, we discuss some optical and electronic properties 
of nanomaterials that are central for optimizing the solar energy conversion 
process. Lastly, we will introduce the use of semiconductor nanomaterials in 
several solar energy applications, and clarify the objectives and scope of this 
thesis. 
 
1.2 Growth Mechanisms of Various Nanomaterials 
1.2.1 Colloidal Synthesis of Nanocrystals 
NCs of metals, semiconductors, and magnetic material are tiny crystals 
consisting of hundreds to a few thousand atoms. Their sizes typically range 
from 2-3 to about 20 nm. In this nanoscale regime, the electronic structure, 
optical, and magnetic properties of NCs can be tuned by varying the physical 
size of the crystal. This leads to new nanoscale properties such as super-
paramagnetism of magnetic NCs,
32
 surface plasmon resonance in Au and Ag 
NCs
33
 and the size dependent band gap of semiconductor NCs.
19
 The main 
advantage of using solution based colloidal synthesis to prepare NCs is the 
excellent control over size and shape of the prepared NCs and applicability to 
a broad range of materials.
34, 35
 In addition, high quality nanomaterials with 
tailored properties can be obtained at relatively low cost due to the simple 
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experimental equipment and chemicals involved.
36
 Generally, colloidal NCs 
are synthesized by reacting appropriate molecular precursors, namely 
inorganic salts or organometallic compounds, in the presence of organic 
surfactant molecules, which dynamically adhere to the surface of the growing 
crystals.
36, 37
 Typical surfactants used in colloidal synthesis include long-chain 
carboxylic and phosphonic acids (e.g., oleic acid and n-octadecylphosphonic 
acid), alkanethiols (e.g., dodecanethiol), alkyl phosphines, alkylphosphine 
oxides (e.g. trioctylphosphine, TOP, and trioctylphosphine oxide, TOPO), and 
alkylamines such as hexadecylmine.  
 
The colloidal synthesis of NCs generally involves several consecutive stages: 
(i) initial nucleation from the supersaturated solution, (ii) growth of the 
preformed nuclei, (iii) isolation of NCs reaching the desired size from the 
reaction mixture, and (iv) post-preparation treatments. In order to obtain NCs 
with narrow size distribution, a temporal separation of the nucleation event 
from the growth of the nuclei is required.
34, 38, 39
 The hot-injection technique 
by which the precursors are rapidly injected into a hot solvent with subsequent 
temperature drop satisfies this requirement.
34, 38, 40
 The separation of 
nucleation and growth stages can also be achieved upon steady heating of the 
reaction mixture.
36
 Classical studies on the separation of nucleation and 
growth processes and growth of monodispersed colloids by La Mer & Dinegar 
provided a qualitative theoretical framework in the pursuit of monodispersed 
NCs.
41, 42
 Nucleation occurs when solution becomes supersaturated. 
Supersaturation can be produced by various methods. Firstly, it can be 
achieved by directly dissolving the solute at higher temperature followed by 
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decreasing its solubility (increasing its chemical potential) either by lowering 
the temperature or by adding a miscible non-solvent.
42
 Secondly, 
supersaturation can be obtained by increasing the reactant monomer 
concentration product above its solubility product. An example is shown for 
the reaction in Equation 1.1 and Figure 1.3.
34, 43
  
n(Cd-TOPO) + n(Se-TOP) ↔ (CdSe)nTOPOm + (n-m)TOPO + nTOP   (1.1) 
 
Figure 1.3 Sketch of the solubility product [Cd][Se] as a function of 
temperature. Solid line: thermodynamic curve for the equilibrium between the 
monomers Cd-TOPO and Se-TOP and a macroscopic CdSe crystal. Dashed 
line: the solubility product for the equilibrium between the monomers and the 
critical nuclei (CdSe)c indicative of supersaturation. The points indicate: 
nucleation (1), cooling (1–2), and growth of the nuclei at two different 
temperatures (3 and 3’). (Reproduced with permission from ref. [34]) 
 
The separation of nucleation and growth stages is most popularly achieved by 
the rapid injection of the precursors to the reaction mixture at high temperature 
(hot injection technique).
44
 At such high temperature, the monomers that are 
formed readily exceed the nucleation concentration threshold C*min as shown 
in Figure 1.4 and a subsequent short nucleation burst partially relieves the 
supersaturation. When the concentration of the monomers decreases below the 
                                                                                                              Chapter 1 
8 
 
nucleation threshold, no further nucleation occurs. To achieve narrow size 
distribution, the nucleation rate must be fast enough such that the 
concentration drops below C*min rapidly. If the concentration remains between 
C*max and C*min, growth eventually occurs and will lead to a broad size 
distribution. 
 
Figure 1.4 The LaMer model for monodispersed particle formation 
(Cs:solubility; C*min: minimum concentration for nucleation; C*max: maximum 
concentration for nucleation; I: prenucleation period; II: nucleation period; III: 
growth period). (Reproduced with permission from ref. [45]) 
 
The growth stage of NCs has been widely studied by various researchers.
41, 44, 
46
 Howard Reiss first predicted theoretically that diffusion-limited growth can 
lead to narrowing of size distributions with time by considering the diffusion 
area versus size.
41 
Sugimoto further incorporated the concept of Gibbs-
Thomson effect which becomes significant for small crystallites.
45
 Finally, 
using these two effects the model of ‘size-distribution focusing’ was fully 
developed and verified experimentally by Peng et al.
44
 Using this model, at 
any given monomer concentration, there exists a critical size where the 
dissolution and growth are essentially zero. NCs smaller than the critical size 
have negative growth rates (i.e. dissolving), while larger ones grow at rates 
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strongly dependent on size. At a high monomer concentration, the critical size 
is small so that all the particles grow by molecular addition. In this situation, 
smaller particles grow faster than the larger ones because the free energy 
driving force is larger for smaller particles, thus causing the focusing of the 
size distribution with time as demonstrated theoretically by Reiss.
41 
One can 
thus obtain monodispersed NCs by quickly quenching the reaction during the 
focusing stage of the reaction. 
 
When the reactant concentrations are depleted and drop below a critical 
threshold due to particle growth, Ostwald ripening or defocusing will occur. In 
this situation, the critical size becomes larger than the average size present. 
Thus the high surface energy of the small NCs promotes their dissolution. The 
solute redeposited on the larger NCs particles and the size distribution 
broadens, or defocuses.
37, 43, 44
 It is possible to improve the distribution at this 
stage by the introduction of additional monomers at the growth temperature, 
thus helping to reduce the critical size and allowing refocusing. 
 
1.2.2 Chemical Syntheses of Nanoscale Heterostructures 
Nanoscale heterostructures consist of two or more components with a shared 
interface.
47
 In general, photoexcitation of the “donor” component creates 
electron-hole pairs (i.e. excitons), which separate at heterojunctions with the 
“acceptor” component. Ideally for light harvesting applications, the donor 
component should have a high absorption coefficient across the solar spectrum 
and a band gap suited to the absorption of a large fraction of solar radiation. 
Both the conduction and valence band energy levels of the donor and acceptor 
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components must be compatible for favourable charge transfer. The acceptor 
component usually occupies a larger physical volume than the donor 
component as it forms a conductive pathway for subsequent utilization of the 
photogenerated charge carriers. 
 
Wet chemistry methods to produce nanoheterostructures include chemical bath 
deposition (CBD),
48
 successive ionic layer adsorption and reaction (SILAR)
49
 
and electrochemical deposition (ED).
50
 These methods generally provide less 
control over the size, shape and size distribution of the nanostructures 
prepared but they are usually simple and easily scalable. More importantly, 
these methods result in materials without ligands or linker molecules at the 
interface between the donor and acceptor components, providing the potential 
of forming epitaxy interfaces.
51, 52
 High quality epitaxy interface between the 
donor and acceptor components in semiconductor nanoheterostructures is 
paramount for efficient charge transfer across the heterojunctions.
7
 The 
epitaxy interface promotes direct electronic coupling between the two 
components. In fact, these wet chemistry methods may have already produce 
heteroepitaxial structures. In the following sections, we will briefly discuss 
CBD, SILAR and ED methods to synthesize nanoheterostructures. 
 
1.2.2.1 Chemical Bath Deposition  
CBD is performed by submerging the acceptor component (dispersed particles 
or affixed to a substrate) in a dilute solution of the precursors required for the 
synthesis of the donor component. At optimum concentration, the donor 
component is concurrently deposited onto the acceptor component and also 
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precipitated from the reaction mixture. CBD is a straightforward method and 
direct growth of the donor onto the acceptor component has little or no 
restrictions in terms of type, dimension and morphology of the component to 
be deposited. Hence, CBD can be easily modified for a wide range of donor 
and acceptor, such as CdSe/CdS on TiO2
53, 54
 and CdS NCs on ZnO.
55 
Moreover, it does not require vacuum or high temperatures. The main 
disadvantages of CBD are the long deposition duration and the lack of control 
in the deposition.  
  
One of the earliest CBD experiment in which Ag was deposited by using 
chemical solution technique was performed by Liebig in 1835.
56
 The first 
semiconductor metal chalcogenide deposited by CBD is PbS.
57
 A typical 
deposition bath contains cations from dissolution of metal salts, a molecular 
source of anions, and complexing reagents. Using CBD of CdS as an example, 
thiourea (a source of S
2- 
ions) is added to an aqueous solution that contains 
Cd
2+
 ions and a complexing reagent, NH4OH. The slow hydrolysis of thiourea 
in aqueous solution releases S
2-
 ions gradually (Equation 1.2). As shown in 
Equation 1.3, Cd
2+
 ions form complex with NH3. This prevents the 
precipitation of Cd(OH)2 that reduces the concentration of free Cd
2+
 ions. 




 ions react 
gradually to form CdS nuclei (Equation 1.4). Once the size of CdS nuclei 




 → S2- + CN2H2 + 2H2O                         (1.2) 
Cd(NH3)4
2-
 ⇌ Cd2+ + 4NH3                                                       (1.3) 






2-→ CdS                                           (1.4) 
There are two kinds of growth mechanisms for CBD, the cluster-by-cluster 
and the ion-by-ion growth.
53
 The former involves a homogeneous nucleation 
stage in which clusters of monomers first form as a reaction immediate in the 
chemical bath at moderate concentration of the complexing reagent. 
Eventually, these small clusters of donor component will adsorb and grow 
onto the surface of the acceptor component. On the other hand, ion-by-ion 
deposition is essentially a heterogeneous nucleation process. The cations and 
anions first adsorb onto the acceptor component and then react to form the 
nuclei of the donor component. Subsequently, growth of the nuclei occurs by 
sequential deposition of more ions that diffuse from the bulk solution to the 
surface of the acceptor component.  
 
1.2.2.2 Successive Ionic Layer Adsorption and Reaction  
SILAR, also known as sequential chemical bath deposition, is mainly based on 
the adsorption and reaction of the ions from separate precursor solutions. 
Unlike SILAR conducted in hydrophobic solvents at high temperature, the 
product is rinsed with deionized water after each immersion to avoid 
homogeneous precipitation when prepared by SILAR in aqueous precursor 
solutions.
58
 Bulk or homogeneous precipitation is often found to be a 
limitation in the CBD preparation of nanoheterostructures. This undesired 
precipitation in the reaction mixture leads to the loss of donor materials. In 
addition, CBD process tends to block pores and forms voids in porous 
structures, especially for the cluster-by-cluster growth mechanism. To avoid 
unnecessary wastage of donor materials and achieve ion-by-ion growth of 
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donor materials onto porous acceptor materials, SILAR is often preferred over 
CBD.
59
 On the other hand, some limitations of SILAR performed in aqueous 
precursor solutions include large size distribution of donor materials deposited, 





SILAR has been successfully employed to synthesize many 
nanoheterostructures with metal chalcogenide donor materials.
61
 These are 
formed by immersing the porous acceptor materials affixed on a substrate 
sequentially into cationic precursor solution, deionized water, anionic 
precursor solution and deionized water. The growth mechanism of SILAR 
deposition involves three important steps: (i) specific adsorption of cations 
onto the surface of the acceptor materials till saturation by immersing the 
substrate in a solution containing the cationic precursor, (ii) removal of excess 
loosely adsorbed ions by rinsing the substrate with deionized water to ensure 
layer-by-layer growth of donor materials, and (iii) chemical reaction between 
the specific adsorbed cations and the free anions by subsequent immersion of 
the substrate into the anionic precursor solution. 
 
Using SILAR deposition of CdS as an example, we shall further discuss the 
growth mechanism.
59
 Figure 1.5 shows the set-up of a basic SILAR deposition 
system. It mainly consists of baths of cationic precursor (CdSO4), anionic 
precursor (Na2S) and deionized water. For the deposition of binary 
chalcogenide CdS, at least four baths are needed. The precursor solutions and 
deionized water for rinsing are alternately placed. The substrate bearing the 
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 ions are adsorbed on the surface of the acceptor 
material. When the adsorption reaches saturation after a specific time, the 





 ions. In order to avoid homogeneous precipitation in the diffusion layer 
when the substrate is immersed in the anionic precursor solution of Na2S, the 
rinsing time must be experimentally determined or calculated so that the 
residual activity of the Cd
2+
 in the diffusion layer, [Cdr
2+





]. Here Kso ≈ 10
-28
 is the solubility product of CdS. When the 








 ions diffuse 
from the solution in the diffusion layer towards the solid-solution interface 
until their concentration in the diffusion layer equals to those in bulk solution. 
The duration of immersing in Na2S solution is usually experimentally 





 ions enter the outer Helmholtz layer and react with the 
adsorbed Cd
2+
 ions. Lastly, the substrate is again rinsed in deionized water to 




 ions, loosely bounded CdS and other by-
products. This completes one SILAR cycle for CdS deposition of CdS. The 
size of deposits can be controlled to some degree by the number of SILAR 













 aq         (1.5) 
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1.2.2.3 Electrochemical Deposition  
Being an atomic deposition process, ED is another commonly reported method 
to deposit donor material onto acceptor material for the preparation of 
nanoheterostructures.
50, 62
 Generally, ED method consists of an 
electrochemical cell and accessories for applying a controlled current at a 
specific voltage. The electrochemical cell usually contains a specially 
designed working electrode, a counter electrode and a reference electrode. ED 
of the nanostructured donor material takes place on the working electrode 
which bears the acceptor material. The working electrode is suspended in a 
precursor solution and current is passed through the electrochemical cell. This 
results in reduction or oxidation of the precursors at the surface of working 
electrode and the growth of donor materials on the surface of acceptor 
materials is induced.
63
 The benefits of ED include high deposition rates, 
industrial applicability, the ability to form heterostructures with precise control 
and the ability to deposit on large, irregular areas with varying topologies. 
Unfortunately, the electrodeposited materials often suffer from impurity 
phases and low morphological quality.
64
 Examples include the ED of 
Cu(In,Ga)Se2 on CdS NWs,
65 
CdSe NCs on TiO2 nanostructures,
66-68
 CdS NCs 
on TiO2 nanotube arrays,
69 




ED of compound semiconductors usually requires the presence of two or more 
ionic precursors in the electrochemical bath. One of these precursors may be a 
semimetal such as Te, As or Sb while the other precursor may be any element 
which has a deposition potential less noble than that of the semimetal 
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precursor. The general growth mechanism of compound semiconductor 
synthesized by ED is as follows
62
: 
1. Transfer of solvated ions to the working electrode due to 
polarization of the electrode surface under an applied electric field. 
2. Neutralization of the nobler ions on the electrode surface under the 
applied electric field. 
3. Continued charging of the neutral nobler elements on the electrode 
surface forms a layer of adsorbed counter ions with respect to the 
less noble ions. 
4. Complete depolarization of the electrode surface by the less noble 
ions. 
5. Reduction or oxidation of the less noble ions at the rate of first 
order electron conductance. 
6. Polarization of the electrode surface as the neutral character of 
surface is restored. 
7. Building of crystal lattices and macrocrystals of compound 
semiconductor through repetition of the polarization and 
depolarization steps. 
 
The formation of nuclei on an electrode substrate was extensively studied on 
the basis of macroscopic thermodynamic considerations.
50, 62, 64
 The nucleation 
of nanomaterials on the electrode substrate during ED is affected by the crystal 
structure of the substrate, specific free surface energy, adhesion energy, lattice 
orientation of the substrate surface and crystallographic lattice mismatch at the 
nucleus-substrate interface. On the other hand, the size distribution of the 
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electrodeposited material strongly depends on the kinetics of the nucleation 
and growth. The ED process involves either instantaneous or progressive 
nucleation. For instantaneous nucleation, all the nuclei form instantaneously 
on the electrode substrate and subsequently grow with increasing duration of 
ED. In contrast, the number of nuclei formed increases with the duration of 
ED in progressive nucleation. These nuclei gradually grow and overlap; 
therefore, progressive nucleation produces zones of reduced nucleation rate 
around the growing stable nuclei.  
 
1.3 Properties of Nanomaterials 
1.3.1 Size dependent Electronic and Optical Properties 
Electronic and optical characteristics of nanomaterials are closely related to 
their physical sizes. When a physical dimension of semiconductor NCs is 
comparable to its characteristic exciton Bohr radius, quantum confinement 
effect becomes significant.
71, 72
 This results in spatial confinement of 
electronic charge carriers within the NCs. As illustrated in Figure 1.6, the 
energy levels become progressively more discrete from 3D bulk solids to 0D 




Figure 1.6 Density of states in one band of a semiconductor as a function of 
dimension. The energy levels become discrete near the Fermi level for “0D” 
crystals. (Reproduced with permission from ref. [74]) 
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With decreasing physical size of a semiconductor, a transformation from 
continuous density of states to discrete energy levels occurs at the edges of the 
valence and conduction bands. These discrete electronic states for 
semiconductor NCs result in their size-dependent absorption and emission. 
One classic example is the gradual blue shift in the absorption edge of CdSe 
NCs as their size decreases (Figure 1.7).
38
 The correlation between the blue 
shift and the particle size can be qualitatively understood as a particle-in-a-box 
model, in which the energy level spacing increases as the box dimension is 
reduced due to quantum confinement. Quantitatively, it can be explained using 
simple effective mass theory which assumes parabolic conduction and valence 
bands with bulk effective masses for the electron and hole.
75, 76
 Each carrier 
can then be treated as particle in a sphere bound at the nanoparticle surface by 
an infinite potential.
76





                                          (1.6) 
where h is the Planck’s constant, Meff is the effective mass and a is the radius 
of the spherical NCs. From Equation 1.6, the energy of photon emitted from 
the semiconductor NCs within the quantum confinement regime is inversely 
proportional to the size of the NCs.
77
 




Figure 1.7 Room temperature optical absorption spectra of CdSe 
nanocrystallites dispersed in hexane and ranging in size from ~12 to 115 Å. 
(Reproduced with permission from ref. [38]) 
 
In metal NCs, the decrease in size below the electron mean free path gives rise 
to vivid colors in the UV-visible region of the electromagnetic spectrum. Such 
colors originate from the strong surface plasmon absorption of the metal NCs, 
which occurs when the frequency of the electromagnetic field becomes 
resonant with the coherent electron motion.
33, 43
 The frequency and width of 
the surface plasmon absorption depends on the size and shape of the metal 
NCs, as well as on the dielectric constant of the metal and the surrounding 
medium. With increasing particle size, the plasmon absorption band shifts to 
the red and has larger bandwidth.
74
 Such size-dependence can be explained by 
the Mie’s theory, which solves Maxwell’s equation and accounts for the 
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1.3.2 Multiple Exciton Generation  
The generation of more than one exciton upon the absorption of a single 
photon is a process that can potentially improve the efficiency of solar energy 
conversion.
79, 80
 The conversion efficiency increases because additional 
excitons are created by the excess kinetic energy of photogenerated electrons 
and holes. This happens when photons with energies much higher than the 
band gap energy are absorbed by the semiconductor. Eventually, extra 
electrons and holes can be harvested and utilized in subsequent redox 
reactions. The creation of additional excitons is achieved by generating hot 
carriers prior to the thermal relaxation of photogenerated hot electrons and 
holes via phonon emission.
81
 The energetic hot carrier produces a second 
exciton through impact ionization (I.I.) as shown in Figure 1.8. Therefore, the 
rate of impact ionization has to be faster than the rates of hot carrier cooling 
and other relaxation processes of the hot carriers in order to produce exciton 
multiplication. In the Auger process, two excitons recombine to produce a 
single highly energetic exciton and comparatively, I.I. is the inverse of an 
Auger process. 
 
The generation of more than one exciton per absorbed photon has been 
recognized for over 50 years in bulk semiconductor such as Si, Ge, PbS, PbSe, 
PbTe, and InSb.
82-86
 However, I.I. in bulk semiconductors is not an efficient 
process and the threshold photon energy required is many multiples of the 
threshold energy for absorption. For example, I.I. in bulk Si does not become 
significant until the incident photon energy exceeds 3.5 eV, an ultraviolet 
energy threshold that is beyond the photon energies present in the solar 





 Moreover, I.I. in bulk Si only generates a low quantum yield of 
about 1.3 when photons with energy of 5 eV are absorbed. Hence, impact 
ionization in bulk semiconductors is not a meaningful approach to increase the 
efficiency of solar energy conversion. However, for semiconductor NCs, the 
generation of multiple excitons from a single photon becomes very efficient 
due to two main reasons.
89
 Firstly, the rate of hot electron relaxation in 
semiconductor NCs via electron–phonon interactions can be significantly 
reduced due to the discrete character of the exciton spectrum. Secondly, the 
spatial confinement of charge carriers and the resultant increased Coulomb 
interaction between the electron-hole pair greatly enhanced the rate of Auger 
processes, including the inverse Auger process of exciton multiplication. 
Therefore, the threshold photon energy for the process to generate two 
excitons per photon in semiconductor NCs can approach values as low as 
twice the threshold energy for absorption (the absolute minimum to satisfy 
energy conservation). This threshold photon energy typically lies in the visible 
or near-infrared region of the electromagnetic spectrum. Highly efficient 
multiple-exciton generation (MEG) has been demonstrated in PbS and PbSe 
NCs.
90
 Due to the enhanced MEG in semiconductor NCs, the theoretical 
maximum photoconversion efficiency of semiconductor NCs based solar cells 








Figure 1.8 Multiple electron–hole pair (exciton) generation (MEG) in 
quantum dots. (Reproduced with permission from ref. [92]) 
 
1.3.3 Charge Separation and Transfer 
After photoexcitation, semiconductor NCs undergo charge separation 
reactions to generate electron-hole pairs as follows:
93, 94
 
NC + hν → NC(ep + hp) → NC(es + hs)                          (1.7) 
NC(es + hs) → NC + hν’                                     (1.8) 
Here, the subscripts s and p respectively represent the lower and higher 
electronic states of the electron (e) and hole (h). Charge carriers will relax 
from a higher energy electronic state of p into a lower state of s within < 1 ps 
after photoexcitation. Without charge separation, the photoexcited charge 
carriers can readily recombine as indicated in Equation 1.8. Therefore, charge 
separation is a critical step in the solar energy conversion process to create 
free charge carriers upon absorption of sunlight. In nanoheterostructures, 
absorption of light and photoexcitation mainly occur in the donor material, but 
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may also occur in the acceptor material. In order to harvest sunlight efficiently, 
they have to meet two fundamental requirements. Firstly, either the donor 
material or the acceptor material strongly absorbs light over a large range of 
the solar spectrum. Secondly, both valence and conduction band energy 
alignments of the donor and acceptor materials must facilitate charge 
separation and transfer at their interface.  
 
Charge transfer across heterojunctions is driven by the electronic band 
structure alignment of the acceptor and donor materials. There are three types 
of band gap alignments: straddling (type I), staggered (type II), and broken (or 
misaligned, type III) (Figure 1.9). For type I heterostructures, both 
photoinduced electrons and holes will accumulate in the small band gap 
material and hence recombination is promoted in such band alignment. Both 
type II and type III heterostructures are desired band alignments for charge 
transfer followed by the separation of holes and electrons into different 
regions in the nanoheterostructures. As discussed in the previous section, the 
relative band energy levels and band alignment can be easily tuned by 
modifying the size of the donor and acceptor nanomaterials due to quantum 
confinement effect.
18, 19
 There are three primary types of charge transfer: (i) 
quantum mechanical tunnelling, where phase coherence is preserved during 
the transfer; (ii) tunnelling between multiple potential wells, where coherence 
is lost in each well (when the charge resides in the potential well); and (iii) 
thermally activated incoherent hopping without phase coherence.
7
 Many 








Figure 1.9 Various heterostructure band alignments. (a) For type I 
heterostructures, the band energy levels of one material straddle those of the 
other, resulting in the transfer of both holes and electrons to the narrower band 
gap material; (b, c) for type II and III heterostructures, the band energy levels 
are staggered or broken, respectively, so charge separation is energetically 
favourable. (Reproduced with permission from ref. [47]) 
 
Charge transfer in nanoheterostructures comprising CdS and CdSe NCs linked 
to various metal oxide acceptors such as TiO2 nanoparticles has been studied 
in detail.
28, 93, 94, 98-100
 The charge transfer rate and mechanisms in these 
molecularly linked nanostructures are influenced by the driving force resulting 
from the band energy alignment, linker length, and electronic coupling 
between the donor and acceptor. Kamat and co-workers showed that electron 
transfer kinetics strongly depend on the band alignment between CdSe NCs 
and TiO2 nanoparticles in term of Marcus theory for a nonadiabatic reaction in 
the classical activation limit.
101, 102
 The driving force, -ΔG, for the electron 
transfer between CdSe and TiO2 is dictated by the energy difference between 
the conduction band energies. Figure 1.10 shows dependence of electron 
transfer rate constant on the energy difference between the conduction bands 
of CdSe and TiO2. As the conduction band of CdSe became more negative (on 
NHE scale) by decreasing the particle size of CdSe NCs, the small energy 
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difference attained is sufficient to increase the electron transfer rate by nearly 
three orders of magnitude.  
 
 
Figure 1.10 (a) The dependence of electron transfer rate constant on the 
energy difference between the conduction bands. (b) Scheme illustrating the 
principle of electron transfer from two different size CdSe quantum dots into 
TiO2 nanoparticle. (Reproduced with permission from ref. [28]) 
 
1.3.4 Transport in Nanocrystal Solids 
Nanocrystalline films prepared from as-synthesized NCs are electrically 
insulating. Reports of drop-casted PbSe NCs films without any treatment 
showed insulating behaviour dominated by a Coulomb blockade, where the 
insulating ligand molecules serve as tunnel barriers.
103
 Post-treatments of 
nanocrystalline films such as annealing increase the film conductivity by 
decreasing the inter-crystal distance and facilitating the tunnelling or hopping 
of charges between NCs as indicated in Figure 1.11.
104-106
 However, the size 
distribution of NCs may broaden and thus their properties associated to 
quantum confinement effect could diminish after annealing.
106
 Due to the 
incomplete decomposition of surface ligands during annealing, residue of 
ligands and/or inorganic core may form on the surface of NCs and introduce 
uncontrolled charges and/or defect states.
105
  Also, the removal of passivating 
(a) (b)
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ligands by annealing may leave unpassivated surface dangling bonds which 
act as surface traps and decrease the mobility of charges in the film.  
 
Alternatively, chemical treatments that induce the NCs to move closer to one 
another are extensively investigated to produce conductive nanocrystalline 
films. This was achieved by exchanging the bulky surface ligands with smaller 
ones or inducing the surface ligands on adjacent NCs to intermix. Close-
packed films prepared with chemically treated NCs displayed either n- or p-
type conductivity.
107-109
 Bawendi et al. studied the photoconductivity of drop-
casted CdSe NCs films for a variety of pre- and post-deposition treatments.
110, 
111
 These chemical treatments were reported to influence photoconductivity by 
increasing the surface passivation of CdSe NCs and decreasing the spacing 
between adjacent NCs. The photoconductivity of CdSe films showed no sign 
of dependence on cross linking or conjugation of the capping ligands. 
Increased tunneling of charges between CdSe NCs was proposed as a model of 
photoconduction to account for the increase in photocurrent with decreasing 
spacing between NCs. 
 





Figure 1.11 Charge transport in nanocrystalline films. Fermi level (dash lines) 
and the lowest NCs states (1Sh for holes and 1Se for electrons) are depicted. (A) 
Nearest-neighbour hopping (I) and variable range hopping (I+II) occur 
between NCs states and surface trap states. Variations in size distribution of 
NCs can produce an energy misalignment between the states among which 
transport is desired. (B) Tunneling between adjacent NCs allows charge 
carriers to cross the inter-particle barrier (pink rectangular bar) of width ∆x. 
Delocalization of exciton (light orange cloud) and coupling energy β are 
stronger between crystal 1 and 2 (narrower barrier) than between crystal 2 and 
3. While not depicted here, similar pathways for carrier hopping and tunneling 
also occur within the valance band. (Reproduced with permission from ref. 
[112]) 
 
Other than trapping of charges at surface defects, there are several important 
parameters that also determines the efficiency of charge transport in NCs solid: 
namely, inter-NC coupling, site energy dispersion, self-capacitance, and cross 
capacitance.
112, 113
 Inter-NC coupling refers to the overlap of wavefunctions of 
neighbouring NCs. Site energy dispersion, Δα, relates to the band alignment of 
NCs in the solid and is directly dependent on the size distribution of NCs. For 
efficient charge conduction, Δα must be smaller than kBT otherwise charge 
carriers will be localized over a small collection of NCs. Self-capacitance, Ic, 
is the Coulombic repulsion of two electrons of opposite spin on a single NC, 
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and corresponds to the charging energy of a NC.
114
 Cross capacitance, γ, is the 
Coulombic repulsion of electrons on neighbouring NCs and varies with inter-
NC distance. For example, efficient charge transport is reported for lead salt 
NC solids because these NCs can be synthesized with narrow size 
distributions of less than 5% that leads to small Δα (∼ 25 meV). In addition, 
lead salt NCs have strong inter-NC coupling and large dielectric constants 






There is a lack of sensitive and cheap photon detection systems operating in 
the infrared (IR) spectral range.
115
 The main reason is that silicon, which is the 
main workhorse for UV-visible photodetectors such as single crystal silicon 
detector and charge-coupled device, cannot operate beyond 1200 nm. In 
addition, other materials show higher noise levels or are costly to process 
using standard single-crystal-based microfabrication techniques. On the other 
hand, there is a widespread use of near-IR and mid-IR detectors ranging from 
telecommunication to night-vision systems, bioimaging, environmental 
sensing, spectroscopy, and chemical analysis. For all these reasons, it is highly 
desirable to discover new materials that allow sensitive detection of photons in 
the IR spectral range at a reasonable cost.  
 
In recent years, there has been increasing interest in the application of 
semiconductor NCs for photon detection.
116
 The development in this direction 
is driven by the numerous advantages offered by semiconductor NCs 
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including size dependent electronic structure, ease of surface modification and 
surface trap engineering, compositional flexibility, and the possibility to 
fabricate devices using inexpensive solution processing. Therefore, small band 
gap semiconductor NCs such as PbS, PbSe, PbTe, HgTe, InAs, and InSb that 
absorb in the IR spectral range are in strong position to compete with current 
IR detection technologies.
117
 Due to quantum confinement effect, the band gap 
of these NCs can be precisely tuned from the visible spectral region up to the 
wavelengths of 3500 nm. For example, G. Konstantatos et al. adopted a 
graphene sheet and PbS CQD system to obtain conductive photodetectors with 
a gain of ~10
8







hybrid photodetector, with a specific detectivity of 7 × 10
13
 Jones, benefited 
from gate-tunable sensitivity and speed and spectral selectivity from the short-
wavelength infrared to the visible. 
 
The basic structure of photoconductive detector is depicted in Figure 1.12. 
Ohmic contacts are attached to a slab or a thin film of a semiconductor. For 
the latter case, smaller electrode spacings are accessible, favourable for 
efficient collection of photogenerated charges. For NC-based photodetectors, 
thin film geometry is preferred because homogeneous submicrometer-thick 
nanocrystalline films can be readily prepared from colloidal solutions. 
Furthermore, it is a common practice to use a substrate with lithographically 
defined electrodes and deposit a layer of NCs on top of the electrodes 
(Figure 1.12b). The photocurrent in a semiconductor can be generally 
described as: 
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iph = ηeNλGi                                                (1.9) 
where η is the quantum efficiency (i.e. the number of excess carriers produced 
per absorbed photon), e is the elemental charge, Nλ is the number of photons 
of wavelength, λ, absorbed in the NC film per unit time and Gi is the internal 
photoconductive gain. 
 
Figure 1.12 (a) A schematic presentation of typical thin film photoconductive 
photodetector. Interdigitate electrode structure is deposited onto the surface of 
active semiconductor. (b) A photodetector geometry that is typically used for 
NC-based devices: thin NC layer is deposited on top of the prepatterned 
electrode structure. Au is shown as an example of metal contact material. 
(Reproduced with permission from ref. [115]) 
 
1.4.2 Solar Cells 
As mentioned in the previous section, the numerous advantages offered by 
semiconductor NCs also motivated researchers to investigate their use in 
photovoltaics devices. Recent research progress of semiconductor NCs 
photovoltaics mainly focuses on two types of solar cell configurations as 
shown schematically in Figure 1.13: (a) depleted QD heterojunction solar cell 
(QDHSC) and (b) QD sensitized solar cell (QDSSC). Both types of solar cells 
offer the convenience of benchtop fabrication with minimal necessity for a 
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clean room or controlled atmosphere during solar cell assembly. The design of 
semiconductor nanoheterostructures in the QDHSC and QDSSC devices 
typically consists of a QD donor on a metal oxide acceptor such as TiO2 and 
ZnO. These nanostructures can be prepared through several methods including 
deposition of the pre-synthesized QDs to form a proximal heterostructure, 
chemical attachment with a molecular linker to form a linked heterostructure, 
or direct growth of the donor on the acceptor through various methods as 
outlined in Section 1.2.  
 
Figure 1.13 Schematic diagrams of two primary types of QD photovoltaic 
devices: (a) depleted heterojunction solar cell and (b) QD-sensitized solar cell. 
(Reproduced with permission from ref. [119]) 
 
The use of lead chalcogenides NCs as light harvesters in QDHSC is most 
commonly reported.
112, 120
 Both PbS and PbSe NCs are deposited on 
mesoporous TiO2 or ZnO films to form the photoanode. Other semiconductors 
NCs such as CdSe, Sb2S3, and CuInGaSe2, have also been deposited. A hole 
transport layer such as CuSCN, poly(3,4-ethylenedioxythiophene) (PEDOT), 
or 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)9,9′-spirobifluorene 
(spiro-OMeTAD) is then deposited onto the photoanode. A thin layer of metal 
such as Au or Ag is deposited on top of the hole transport layer to make the 
electrical contact. Upon photoexcitation of the semiconductor NCs, the 
photogenerated electrons are conducted toward the oxide layer while the holes 
(a) (b)
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are transported toward the metal contact and photocurrent flows through the 
solar cell. One of the highest power conversion efficiency reported for DHSC 




A new class of organometal halide pervoskite based semiconductors has 
recently emerged as the most viable light harvesters for QDSSC surpassing the 
power conversion efficiencies rendered by the lead chalcogenide NCs based 
QDHSC.
121-123
 In the perovskite based solar cells, methylammonium lead 
iodide chloride (CH3NH3PbI2Cl) perovskite is the donor material. It can be 
easily formed on the acceptor material such as TiO2 by first treating the 
mesoporous oxide film with a precursor solution and then heating the film at 
100 °C. The organometal halide pervoskite formed on the TiO2 absorbs in the 
entire UV-visible region of the solar spectrum and exhibits excellent external 
quantum efficiency. Furthermore, the high mobilities and long lifetimes of 
charge carriers in these perovskites allow photogenerated charges to be 
extracted as current efficiently. At present, the power conversion efficiency of 
lead halide perovskite based QDSSC has reached as high as 19.3%.
124
 
However, this class of organometal halide pervoskite based light harvesters 
offers lesser fundamental advantages such as size dependent electronic 
structure, compositional flexibility, and inexpensive solution processing in air 
afforded by semiconductor NCs .  
 
1.4.3 Photocatalytic Degradation of Organic Pollutants 
Photocatalysis is of significant interest for the degradation of various organic 
pollutants in waste water as it is an environmentally sustainable way to treat 
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waste water. Organic dyes are commonly used as probe molecules to examine 
the efficiency of a photocatalyst to degrade organic pollutants.
125-128
 This is 
because organic dyes also represent a significant portion of the organic 
pollutants discharged in waste water due to their large annual production and 
widespread use especially in the textile and food industries.
129
 In addition, the 
use of organic dyes as model pollutants allows easy monitoring of the 
degradation process via simple UV-Vis absorption spectroscopy. Two of the 
most commonly used model pollutants are anionic methyl orange and cationic 
methylene blue. However, the use of these dyes in photocatalytic degradation 
studies may impede fundamental understanding of the photocatalytic 





Numerous semiconductor nanomaterials including TiO2, ZnO, SrTiO3, CeO2, 
WO3, Fe2O3, GaN, Bi2S3, CdS and ZnS have been studied for photocatalytic 
degradation applications.
131
 Among these semiconductors, TiO2 is the most 
extensively studied photocatalyst since it is stable under irradiation, corrosion 
resistant, nontoxic, abundant and cheap.
132, 133
 ZnO is another commonly 
studied material with excellent photocatalytic activity under UV illumination. 
Although ZnO is less chemically stable compared to TiO2, it can be suitable 
for photocatalytic degradation of pollutants in the gas phase.
134, 135
 Both TiO2 
and ZnO are wide band gap semiconductors and thus their photoactivities are 
limited to the UV spectral range, which accounts for less than 5% of the solar 
spectrum. In order to further enhance photocatalytic activities of these wide 
band gap semiconductors, many approaches such as doping, defect and 
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morphology optimization and use of nanoheterostructures are investigated. 
Much effort has been devoted to modify the band gap energy of TiO2 by 
doping it with elements such as N, C, and S.
136, 137
 Efficient photocatalysts 
such as ZnO nanoplate or nanowire architectures and hollow TiO2 shells are 
synthesized for dye degradation by optimizing native defects and/or 
morphology.
138, 139
 Nanoheterostructures are prepared by combining ZnO and 
TiO2 with noble metals such as Pt or Pd, or other semiconductors such as NiO, 





1.4.4 Photocatalytic Hydrogen Production 
Production of hydrogen from water in the presence of photocatalysts can be 
achieved by overall water splitting or by using sacrificial agents. Overall water 
splitting is the complete dissociation of water into H2 and O2 in a 
stoichiometric ratio of 2:1 under solar irradiation in the presence of a 
photocatalyst.
144-146
 Exploring semiconductor photocatalysts capable of 
realizing overall water splitting in a sustainable, cost-effective, and 
environment friendly manner is the ultimate goal of photocatalytic water 
splitting.
147
 However, efficiency of overall water splitting is typically low due 
to the need to overcome a significant energy barrier (∆Go = 238 kJ mol-1). To 
improve the efficiency of hydrogen production, sacrificial agents are often 
employed to overcome the large uphill barrier of water splitting.
148
 Therefore, 
water splitting reactions with the aid of sacrificial agents are more favourable 
as compared to the overall water splitting process. There are two types of 
sacrificial agents, electron donors (hole scavengers) and electron acceptors 
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(electron scavengers), for water splitting reactions.
148
 They are used separately 
to react with photogenerated holes and electrons irreversibly to investigate the 
water reduction or oxidation reactions respectively. 
 
In the water reduction half reaction, photogenerated holes in the 
semiconductor photocatalyst will react preferentially with the electron donors 
instead of water, while the photogenerated electrons will reduce protons to 
produce H2. The occurrence of this reaction indicates the appropriate 
electronic band structures of semiconductors for water reduction reactions 
without considering the band structures for water oxidation reactions. This 
half reaction will be beneficial if pollutants such as H2S from natural gas or 
organic compounds present in industrial wastes can be used as the sacrificial 
electron donors for H2 production.
149, 150
 In the water oxidation half reaction, 
photogenerated electrons in the semiconductor photocatalyst will by 
scavenged by electron acceptors such as Ag
+
 ions while the photogenerated 
holes will then oxidize water to produce O2. This half reaction is rather 
complex as it involves the removal of four protons and four electrons and the 
formation of an oxygen-oxygen double bond. In most cases, overall water 
splitting does not occur when photocatalysts that separately produce H2 and O2 
from water in the presence of different sacrificial agents are used together. In 
this respect, water reduction and oxidation half reactions do not represent the 
overall water splitting process. 
 
The calculated band energy levels of some semiconductor metal oxides and 
sulfides are shown in Figure 1.14.
151
 It is clear that these semiconductors have 
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different conduction band and valence band edge positions. From the 
thermodynamic point of view, semiconductors such as SrTiO3 and CdS are 
able to decompose water upon photoexcitation as their conduction and valence 
band edge positions match well with the potentials required for overall water 
splitting. On the other hand, semiconductors such as CoS and PbS cannot 
catalyse water splitting under irradiation because their conduction and valence 
band edge positions are located within the redox potentials of water splitting. 
In cases whereby both the conduction band and valence band edge positions 
are more negative or more positive than the redox potentials of H
+
/H2 and 
O2/H2O, respectively, these two types of semiconductors only have enough 
potential to reduce or oxidize water and respectively produce H2 or O2 in the 
presence of sacrificial agents. 
 
Figure 1.14 Calculated conduction band and valence band-edge positions at 
pH 0 for several metal oxide and metal sulfide semiconductors. The bottom of 
open squares represents conduction band edges, and the top of solid squares 
represents valence band edges. The solid lines indicate water stability limits. 
(Reproduced with permission from ref. [151]) 
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1.5 Objective and Scope of Thesis  
From this introduction, we can see that semiconductor nanomaterials can be 
used as alternative building blocks to construct light energy harvesting 
assemblies. The dimensionality (size and shape) of nanomaterials could be 
readily manipulated for optimized nanoscale properties and application 
performances. On the other hand, there are two areas vital to the successful 
incorporation of semiconductor nanomaterials in solar energy applications. 
Firstly, easily scalable methodologies which offer excellent control over the 
synthetic process must be available. Secondly, fundamental understanding on 
the effects of synthetic parameters on the application performance is very 
much needed. In this thesis, we aimed to explore easily scalable methods for 
preparing various semiconductor nanostructured materials including NCs, NTs 
and nanoheterostructures with improved light energy harvesting capability. 
Applications of these semiconductor nanomaterials are demonstrated and their 
performances are correlated to the synthetic parameters through various 
material characterization techniques and optical measurements. In the 
preparation of semiconductor heterostructures, direct growth of donor 
materials with well controlled size and loading coverage is the main synthesis 
challenge for this thesis work. 
 
In Chapter 3, the assembly of pre-synthesized CdS NCs on several conducting 
substrates under an applied electric field is demonstrated. This involves the 
replacement of organic capping ligands on the CdS NCs with metal 
chalcogenide complex (MCC) ions. The effects of MCC ions on the surface 
and optical properties of CdS NCs are characterized. Prior to deposition, 
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dispersion and electrophoretic mobility of CdS NCs in various polar organic 
solvents are investigated. Various deposition parameters are examined to 
control the assembly of CdS NCs on the conducting substrates. Temperature 
and light intensity dependent photoconductivity of the CdS NCs film are 
studied to investigate its potential for optoelectronic devices. 
 
Chapter 4 focuses on the electrochemical preparation of TiO2 nanotube arrays 
(NTAs) and PbS decorated TiO2 NTAs for photocatalytic degradation of 
organic dyes. Highly ordered TiO2 NTAs of various dimensions can be 
electrochemically grown on Ti foil by applying different anodization 
potentials. It was found that the photocatalytic activity of TiO2 NTAs was 
largely dependent on both the morphology and crystal structures of the NTAs 
which can be controlled by the calcination temperature. A novel method of 
growing PbS on TiO2 NTAs by using a combination of underpotential 
deposition and codeposition method is explored. The influences of 
electrodeposition conditions (applied potential, electrolyte pH, and deposition 
duration) on the formation of PbS are discussed. The large size of PbS 
deposits obtained, however, fails to bring about the enhancement in the 
photocatalytic degradation efficiency. 
 
Chapter 5 reports a simple in-situ chemical bath deposition of CdS NCs onto 
TiO2 nanoparticles by refluxing a CdS molecular precursor with TiO2 
nanoparticles in water as the reaction medium. 1-thioglycerol is used as a 
capping agent to control the size of CdS NCs deposited onto TiO2 by 
changing the molar ratio of capping agent and precursor. The deposition 
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coverage of CdS NCs is optimized by varying the relative amount of TiO2 and 
precursor used. The photocatalytic hydrogen production performance of the 
prepared CdS/TiO2 nanocomposite was found to be determined by the delicate 
balance between size and loading coverage of the CdS deposited.  
 
In Chapter 6, we investigate the direct growth of CuInS2 (CIS) NCs on 
mesoporous TiO2 film by using successive ionic layer adsorption and reaction 
(SILAR) method. The mesoporous TiO2 film screen-printed on conductive 
fluorine doped tin oxide (FTO) coated glass can be used as a photoanode, Two 
types of copper (I) (Cu+) precursors are compared in the SILAR deposition of 
CIS NCs. The effect of annealing in sulfur vapour at various temperatures on 
the chemical composition, crystal structure and absorption property of the 
deposited CIS NCs is examined. It was found that the size of CIS deposited 
can be controlled by the number of SILAR cycles. The photoactivity of the 
prepared CIS/TiO2 photoanode is characterized by transient absorption and 
photoelectrochemical measurements.  
 
For the convenient of reading and to avoid repetition, procedures or 
experiments common to all result chapters, as well as details of synthesis steps 
are given in Chapter 2. Lastly in Chapter 7, we summarise the results of these 
earlier chapters and discuss the possibility of future work. 
 
For the convenient of reading and to avoid repetition, procedures or 
experiments common to all result chapters, as well as details of synthesis steps 
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are given in Chapter 2. Lastly in Chapter 7, we summarise the results of these 
earlier chapters and discuss the possibility of future work. 
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2.1  Materials used 
Table 2.1 Chemical and Solvents used in the Work described in this Thesis; 
their Purity and Sources.  
Chemical Purity  Formula Source 
1-Thioglycerol (TG) 98% HSCH2CH(OH)CH2OH Fluka 
















98% Cd(CH3COO)2·2H2O Aldrich 
Cadmium Chloride 98% CdCl2 
Fischer 
Scientific 
Chloroplatinic Acid 38% H2PtCl6.H2O Fluka 
Copper Acetate 
Monohydrate 
99.9% Cu(CH3COO)2·H2O Alfa Aesar 
Copper (I) Chloride 97% CuCl Alfa Aesar 
Copper (II) Sulphate 
Hydrate 
98% CuSO4.xH2O Aldrich 
Dimethyl Sulfoxide 
(DMSO) 
99.5% (CH3)2SO Merck 
Ethanol 99.99% CH3CH3OH 
Fisher 
Chemical 
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Chemical Purity  Formula Source 
Ethylene Glycol (EG) 99.5% C2H6O2 Merck 
Formamide (FA) 99.5% CH3NO Merck 
Hexadecylamine 
(HDA) 










Indium (III) Sulfate 
Hydrate 
99.9% In2(SO4)3·xH2O Alfa Aesar 
Isopropanol (IPA) 99.5 (CH3)2CHOH Tedia 
Lead Acetate 
Trihydrate 
99% Pb(CH3COO)2·3H2O Fluka 
Manganese (II) 
Nitrate Tetrahydrate 
97% Mn(NO3)2·4H2O Fluka 
Methanol 99.9% CH3OH 
Fisher 
Scientific 








Phenyl Ether 98% O(C6H5)2 Fluka 
Phosphorus Pentoxide 98% P4O10 Alfa Aesar 
Sodium Carbonate 
Decahydrate 





99.5% C10H14N2Na2O8 JT Baker 
Sodium Hydroxide 99% NaOH Chemicon 
Sodium Stannate 
Trihydrate 
95% Na2SnO3.3H2O Aldrich 
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Chemical Purity  Formula Source 
Sodium Sulfide 
Nonahydrate 
98% Na2S·9H2O Aldrich 




Styrene 99%, C6H5CH=CH2 Fluka 
Sulfur 99% S Chemicon 
Sulfuric acid 97% H2SO4 Merck 
Thiobenzoic Acid 
(TBA) 
90% C6H5COSH Fluka 
Titanium Dioxide 
Nanopowder 
99.5% TiO2 Aldrich 









90% [CH3(CH2)7]3P Fluka 
 
Fluorine-doped tin oxide (FTO) coated glass (NSG Japan, ~14Ω.sq 
resistance. >90% transmission from 400nm to 700nm, with glass thickness of 
2.2mm and FTO thickness of 400nm), anatase TiO2 paste (DSL 18NR-AO, 
Dyesol, 350 to 450nm) and conductive silver paste (SPI Plus™) were used as 
received. 
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2.2  Synthesis Procedures 
2.2.1 Preparation of Cadmium Thiobenzoate  
The preparation of CdTB followed a method reported by Savant et al.
1
 
Na2CO3.10H2O (2.9 g) was dissolved in deionised water (20 mL). TBA (2.4 
mL) was added and the mixture was stirred for ~30 minutes. A separate 
aqueous solution of CdCl2.2½H2O (2.3 g) in 20 mL deionised water was 
subsequently added dropwise into the stirring mixture of Na2CO3.10H2O and 
TBA. The final mixture was allowed to react for 1 hour. The cream coloured 
precipitate formed was first dispersed using hexane and precipitated using 
deionised water before centrifuged and dried under vacuum in the presence of 
P4O10.  
 
2.2.2 Synthesis of CdS NCs 
The synthesis of CdS NCs was previously reported by our group.
2
 CdTB 
(0.0800 g) prepared above was first dissolved in TOP (0.40 mL) and degassed 
at 60 ºC for 20 minutes. In another set-up, hexadecylamine (HDA) (0.9988 g) 
was degassed at 90 ºC. CdTB solution was then injected into the solution of 
HDA at 120 ºC and left to react for 10 minutes with stirring before being 
cooled to room temperature. The hexane/ethanol dissolution/precipitation 
procedure was repeated for 2-3 times to purify CdS NCs. 
 
2.2.3 Preparation of SnS2 
SnS2 was prepared according to the method by Kovalenko et al.
3
 In a 2L 
conical flask, deionised H2O (300 mL) was heated to boiling and Na2S·9H2O 
(100 g) were added. After dissolving Na2S·9H2O, Na2SnO3.3H2O (40 g) was 
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added. After another 30 min of boiling, the solution was cooled, diluted to a 
total volume of 800 mL, filtered and heated to boiling again. After 1 hour, 
aqueous HCl solution (1 M) was slowly added under magnetic stirring until 
the solution pH reached 4. At this point, the solution was yellow-brown due to 
the formation of SnS2. After another 1 hour of boiling, the solution was cooled 
and the yellow-brown SnS2 was isolated by centrifuging. To remove the large 
amount of NaCl present as by-product, SnS2 was washed 3 times by adding 
H2O and centrifuging, then rinsed with acetone and dried. To improve its grain 
size, SnS2 was heated at 200 
o
C for several hours and then washed 5 times 
with water to remove traces of remaining NaCl. Finally, SnS2 was rinsed 3 
times with acetone and dried. 
 
2.2.4 Preparation of Na4SnS4.14H2O 
Na4SnS4.14H2O was prepared according to previously reported procedures 
with slight modifications.
3, 4
 Separately, Na2S·9H2O (12.00 g) was dissolved 
in deionised water (10 mL) and SnS2 (4.57 g, prepared above) was dispersed in 
deionised water (10 mL). The dispersed SnS2 was then added in portions into 
the aqueous Na2S solution under magnetic stirring. After 2 hours, pH of the 
mixture was adjusted to 11-11.5 by adding diluted aqueous HCl solution. The 
mixture was stirred for 4 hours and then added to acetone (100 mL). With 
vigorous stirring, a bluish-yellow emulsion was formed and resulted in a white 
precipitate. The mixture was kept in the refrigerator for 48 hours and the 
resulting white precipitate of Na4SnS4.14H2O was centrifuged, washed with 
acetone and dried under vacuum for 24 hours. 
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2.2.5 Exchange of Organic Ligands with Metal Chalcogenide Complex, 
Na4SnS4 
The ligand exchange process was carried out using a modified method 
reported by Kovalenko et al.
3
 Na4SnS4.14H2O (0.0296 g, prepared above) was 
first dissolved in aqueous NH4OH (3 mL, 25% of NH3). One portion of the as-
synthesized CdS NCs in hexane (2 mL) was added with toluene (0.5 mL). This 
CdS NCs solution was then added gradually to the aqueous solution of 
Na4SnS4 and the mixture was vigorously stirred until the organic phase turned 
from yellow to colourless. The aqueous phase was rinsed 3 times with hexane. 
To remove the excess MCC ligands, a minimal amount of acetonitrile was 
added to precipitate the SnS4
4-
-capped CdS NCs. The products were collected 
by centrifuging and dispersed in 35 mL EG, DMSO, FA or ethanol 
respectively for EPD. 
 
2.2.6 Electrophoretic Deposition of SnS4
4-
-capped CdS NCs  
The precipitated SnS4
4-
-capped CdS NCs were dispersed in a chosen solvent, 
e.g. ethanol (35 mL) for the following illustration, and the dispersion was 
sonicated for 30 minutes in an ultrasound bath (Elmasonic E15H). Conductive 
substrates such as FTO, gold or molybdenum served as the anode in the 
electrophoretic cell. The surface area of the anode exposed in the EPD bath 
was ~ 3 cm
2
 in each case. Titanium sheet with a working area of 6 cm
2
 was 
used as the counter electrode. Both electrodes were placed vertically and 
immersed in the ethanolic dispersion of SnS4
4-
-capped CdS NCs. The distance 
between the electrodes was kept at ~ 150 mm. Electrophoretic deposition of 





-capped CdS NCs was carried out at a constant voltage condition (20 – 
50 V) by using a DC power supply (Apelex® PS 304 Minipac ll).  
 
2.2.7 Mechanical Compression of Electrophoretic Deposited Film 
For compression of the slightly wet as-deposited film, a polyethylene foil was 
used to cover the SnS4
4-
-capped CdS NC film and a pressure of ~1000 kg/cm
2
 
was applied by using a hydraulic press (Perkin-Elmer 15 Ton). 
 
2.2.8 Synthesis of TiO2 Nanotube Arrays via Anodization 
Prior to anodization, Ti foils (1.4  1.4 cm2) were ultrasonically cleaned in 
acetone, deionized water and ethanol. TiO2 NT arrays were formed by 
anodizing cleaned Ti foils in an electrolyte containing 0.27 M NH4F and 5.0 
wt% deionized water dissolved in formamide. A two-electrode configuration 
was used for anodization with Ti foil as the anode and Pt rod as the cathode. 
Anodization was carried out with stirring at constant potential of 20 V for 3 
hours at room temperature. The anodized samples were annealed at 450
0
C for 
2 hours with heating rate of 5
0
C/min and cooling rate of 10
0
C/min to convert 
the amorphous TiO2 nanotube arrays to crystalline form in a Carbolite 
annealing furnace. 
 
2.2.9 Electrodeposition of PbS onto TiO2 NT arrays 
Three different methods were attempted to deposit PbS uniformly into the 
TiO2 NTs. In the first constant potential method, three-electrode configuration 
was used with TiO2 NTs prepared above as the working electrode, Pt rod as 
the counter electrode and Ag/AgCl (3 M KCl) as reference electrode. The 
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electrodeposition bath contained 0.01 M Pb(CH3COO)2, 0.001 M Na2S and 
0.1 M EDTA disodium salt. Initial cyclic voltammetry (CV) experiments were 
carried out to find the suitable deposition potential. All solutions were freshly 
prepared just before each measurement. Both CV and electrodeposition 
experiments were performed at room temperature and in unstirred solution 
using AUTOLAB PGSTAT 30 potentiostat/galvanostat. 
 
2.2.10 Preparation of Cadmium Sulfide Molecular Precursor (CMP), ((2,2’-
bpy)Cd(SC{O}Ph)2) 
Na2CO3.10H2O (0.8 g) was dissolved in deionised water (20 mL) and 
acetonitrile (30 mL). TBA (0.7 mL) was added and the mixture was stirred for 
~15 minutes. Subsequently, Bpy (0.468 g) and Cd(CH3COO)2 (0.8 g) were 
added. The final mixture was allowed to react for 30 minutes and centrifuged 
to collect the cream coloured precipitate formed. The cream coloured 
precipitate was dispersed using water and precipitated using ethanol for 2-3 
times to purify the CMP. The purified CMP was dried under vacuum 
overnight. 
 
2.2.11 Chemical Bath Deposition of CdS onto TiO2 nanoparticles 
In a typical chemical bath deposition, TG (0.22 mL) was dissolved in 
deionized water (20 ml) in a beaker and the solution was adjusted to pH 13 
with NaOH (2 M). The solution was then placed in a three-necked round 
bottom flask fitted with rubber septa. A certain amount of the CMP, [(2,2’-
bpy)Cd(SC{O}Ph)2], was added into this solution and sonicated for 15 
minutes in an ultrasound bath (Elmasonic E15H). After sonication, TiO2 (0.1g) 
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was added to the mixture and sonicated for another 30 minutes. Subsequently, 
the reaction mixture was deaerated with N2 bubbling and refluxed at ca.100
o
C 
for 45 minutes. The CdS/TiO2 nanocomposite can be isolated by first 
precipitation with the addition of 2-propanol, followed by centrifugation and 
washing with ethanol and acetone. Finally, the purified CdS/TiO2 
nanocomposite was dried under vacuum. 
 
2.2.12 Preparation of Mesoporous TiO2 Photoanode  
Fluorine-doped tin oxide (FTO) coated glass (NSG Japan, ~14Ω.sq resistance) 
is used as transparent conducting oxide substrate. Mesoporous TiO2 films 
were prepared by screen printing anatase TiO2 paste (DSL 18NR-AO, Dyesol) 
on the substrate, followed by sintering at 450 
o
C for 30 minutes. 
 
2.2.13 SILAR Deposition of CuInS2 onto Mesoporous TiO2 
SILAR deposition was carried out by immersing the mesoporous TiO2 on FTO 
glass substrate in In2(SO4)3 solution (0.01 M) for 60 seconds followed by 
immersion in deionized (D.I) water for 30 seconds to rinse off loosely bound 
ionic species. The substrate was then immersed in the Na2S solution (0.075 M) 
for 240 seconds and subsequently immersed in D.I water for 30 seconds. After 
that, the sample was immersed in [Cu(S2O3)]
- 
solution (0.0025 M) for 30 
seconds and immersed in D.I water for 30 seconds. One cycle was ended with 
final immersion into Na2S solution (0.075 M) for 240 seconds and rinsed for 
30 seconds in rinsing bath.  
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2.3 Characterization Techniques  
2.3.1 Dispersion Parameters for SnS4
4-
-capped CdS NCs 
Electrophoretic mobility, zeta potential, and dispersion conductivity data were 
collected with Zetasizer Nano-ZS (Malvern Instruments, UK), using laser 
doppler velocimetry. 
 
2.3.2 Transmission Electron Microscopy (TEM) and High Resolution TEM 
(HRTEM)  
TEM was performed on a JEOL JEM 2010F field emission electron 
microscope with an acceleration voltage of 200 kV. HRTEM and EDX were 
performed on a JEOL 3010 Electron Microscope operating at an acceleration 
voltage of 300 kV. The nanoparticles were dispersed in hexane or toluene, 
dripped onto a 200 mesh carbon-coated copper grid and dried in vacuum 
before analysis. 
 
2.3.3 Scanning Electron Microscopy (SEM) 
SEM images were obtained using a JEOL JSM 6701-F microscope operating 
at 10 μA and 5.0 kV. Elemental analysis was carried out by using Oxford 
INCA EDX spectrometer attached to JEOL JSM-6701-F. 
 
2.3.4 Grazing Incidence X-ray Diffraction (GIXRD) 
XRD patterns of thin films on FTO substrates were obtained using a thin film 
X-ray diffractometer (Bruker D8 ADVANCE) under irradiation from a Cu Kα 
source (λ = 1.54148 Å). 
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2.3.5 Powder X-ray Diffraction (XRD)  
XRD patterns were obtained using Siemens D5005 X-ray Diffractometer with 
Cu Kα radiation (λ = 0.15406 nm). The purified nanocrystals were crushed 
into fine powder and placed directly on the sample holder or onto double-sided 
tapes that were mounted onto the sample holder for samples of low yields. 
 
2.3.6 Ultraviolet-Visible-Near Infrared (UV-VIS-NIR) Absorption 
Spectroscopy 
Absorption spectra were recorded on a Shimadzu UV-3600 UV-VIS-NIR 
spectrophotometer using pure hexane or TCE as reference. Solid 
measurements were recorded using a UV-Vis-NIR spectrophotometer 
(Shimadzu UV-3600) equipped with an integrating sphere attachment (ISR-
3100) and barium sulfate powder was used as the reference. 
 
2.3.7 Profilometer  
The thickness of SnS4
4-
-CdS nanocrystalline films on FTO substrate studied in 
Chapter 3 is measured by an Alpha-step 500 surface profiler.  
 
2.3.8 Transient Absorption Measurement 
The time-resolved transient absorption and pump probe experiments were 
performed by using a Spectra Physics Ti:sapphire oscillator seeded 
regenerative amplifier laser system. The amplifier laser system gives output 
pulse energy of 2 mJ at 800 nm with a pulse width of ~100 fs and a repetition 
rate of 1 kHz. The 800 nm laser beam was split into two portions. The larger 
portion of the 800 nm beam acted as the pump beam (for 800 nm excitation) 
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or passed through a BBO crystal to generate the 400 nm pump beam by 
second harmonic generation (for 400 nm excitation). A small portion of the 
800 nm beam was used to generate a white light continuum. The white light 
beam was split into two portions: one as the probe and another as the reference 
to correct the pulse-to-pulse intensity fluctuations. The pump beam was 
focused onto the sample with a beam size of 300 μm in diameter and 
overlapped with the smaller probe beam (100 μm in diameter). The time delay 
between the pump and the probe pulses was varied by using a computer-
controlled translation stage (Newport, ESP 300). All the time-resolved 
experiments were performed at room temperature. The aqueous nanoparticle 
suspensions were contained in a 1 mm path length cuvette. During the 
measurements, the pump and probe energies were kept low to minimize the 
photodamage to the samples. The extinction spectra of the sample before and 
after the experiments were checked and only subtle difference was observed, 
which suggests that the sample is stable and there is little sample damage 
during the whole experiments. 
 
2.3.9 Raman Spectroscopy 
Raman spectra of samples were analysed by Renishaw Invia with excitation 
wavelength of 532 nm and 50× objective lens.  
 
2.4 Application Studies 
2.4.1 Photoconductivity Measurements of Na4SnS4-capped CdS 
Nanocrystalline Film 
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The electrophoretic deposited film was fabricated into a device consisting of a 
silver paste top contact and FTO bottom contact in a sandwich structure, 
Ag/Na4SnS4-CdS/FTO. A Keithley 6430 source meter was used to measure 
the current passing through the device as a function of time with a constant 
applied voltage. For photocurrent measurements, continuous wave laser beam 
from the 405 nm diode laser (Power Technology, Inc.) was directly irradiated 
onto the device through an aperture with a diameter of 2 mm to define the 
illumination area. The temperature of the device was controlled by using a 
hot-stage (Linkam THMS 600) connected to a temperature controller 
(TMS94). 
 
2.4.2 Photocatalytic Degradation of Methylene Blue 
Photocatalytic degradation experiment was carried out in a glass flask 
containing 30 mL of aqueous methylene blue (10 mg/L) and the catalyst was 
mounted onto a magnetic stirrer using polyimide tape. Prior to experiment, the 
catalysts were stirred in the dark for 1 day to achieve adsorption-desorption 
equilibrium. The mixture was allowed to react at constant stirring under a light 
flux of 100 mW cm
-2
 using ABET Technologies Solar Simulator (Model Sun 
2000, 150 W Xe Arc lamp with AM 1.5 G filter). To eliminate any thermal 
influence to the photodegradation, the reaction flask was immersed in a 
regulated water bath throughout the experiment. The progress of 
photocatalytic degradation was followed by extracting 3 ml of the mixture at a 
fixed time interval and measuring its absorption using UV-Vis spectroscopy. 
The change in absorbance at 664 nm was used to quantify the change in 
methylene blue concentration. Plots of concentration at time t normalized by 
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the initial concentration ([C]t/[C]0) were used to access the catalytic 
efficiencies. 
 
2.4.3 Photocatalytic Hydrogen Production 
Photocatalytic hydrogen production experiment was carried out in an outer 
irradiation-type photoreactor (Pyrex cell) connected to a closed gas circulation 
system. In the photoreactor, photocatalyst (50 mg) was dispersed in an 
aqueous solution comprising deionised water (70 mL) and methanol (30 mL) 
as the sacrificial reagent. Argon was purged through the entire setup for 30 
minutes before the photocatalytic reaction to remove oxygen. During the 
experiment, the temperature of photoreactor was maintained at room 
temperature with the aid of a water bath and the photocatalyst mixture was 
continuously stirred by using a magnetic stirrer. The photocatalyst was 
irradiated with a 300 W xenon lamp. The amount of hydrogen produced was 
analyzed with an online gas chromatograph (Shimadzu GC-2010 Plus, Barrier 
Discharge Ionization detector). Helium was used as the carrier gas and the 
separation of different gases i.e. hydrogen, oxygen and nitrogen was achieved 
with a molecular sieve column (30 m x 0.53 mm x 0.75 mm) (VP-Molesieve). 
 
2.4.4 Fabrication of Liquid State Solar Cell 
CIS/TiO2 sample was used as photoanode and Platinum (Pt) was used as the 
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2.4.4.1 Preparation of Pt Counter Electrode 
A hole (1 mm in diameter) was drilled through the FTO glass by sandblasting. 
The perforated glass was washed with H2O and HCl solution (0.1 M) in 
ethanol and subsequently cleaned by ultrasound in an acetone bath for 10 
minutes. Residual organic contaminants were removed by heating in air at 
400⁰C for 40 minutes then Pt was deposited onto the FTO glass by coating 
with a drop of H2PtCl6 (2 mg of Pt in 1 mL ethanol). The 15 minutes of heat 
treatment in air at 400⁰C was repeated. 
 
2.4.4.2 Preparation of Polysulfide Electrolyte 
Na2S.9H2O (0.3603 g, 0.5 M), S (0.1924 g, 2 M) and KCl (0.0447 g, 0.2 M) 
were first dissolved and mixed in deionized water (3 mL). This aqueous 
solution mixture was then added with methanol (7 mL).  
 
2.4.4.3 Solar Cell Assemblage 
CIS-sensitized TiO2 photanode and Pt-counter electrode were assembled into a 
sandwich type cell as depicted in Figure 4. The cell was sealed with hot-melt 
gasket (25μm thickness) made of ionomer Surlyn 1702 (Dupont). The area of 
the TiO2 electrodes used were 0.785cm
2
 (i.e. π (5mm×5mm)). The aperture of 
the Surlyn frame was 2mm larger than that of the TiO2 area and its width was 
1mm. the hole in the Pt counter electrode was sealed by a film of Cynel using 
a hot iron bar (protectively covered b fluorine polymer film). A hole was then 
made in the film of Bynel by a needle. A drop of electrolyte was dropped on 
the hole in the back of the counter electrode and via vacuum backfilling, the 
electrolyte were introduce into the cell. The cell was placed in a small vacuum 
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chamber to remove inside air and later the cell was exposed in the air with 
ambient pressure caused the electrolyte to be driven into the cell. Lastly, the 
hole was sealed with a hot-melt ionomer film (Bynel 4702, 35μm thickness, 
Dupont) and a 0.1mm cover glass. The edge of the FTO layer outside of the 
cell was slightly roughened with sandpaper for good electrical contact during 
measurement. Solder (Cerasolza, Asahi Glass) was applied on each side of the 
FTO electrodes. The position of the solder was 1 mm away from the edge of 
the Surlyn gasket; 4mm away from the side of the photoactive TiO2 layer. 
 
Figure 2.1 Configuration of CIS QD sensitized TiO2 liquid state solar cell. 
 
2.4.4.4 Photovoltaic Measurement 
An AM 1.5 solar simulator with a 450 W xenon lamp (Model No. 81172, 
Oriel) was used to performed photovoltaic measurement. The power of the 
simulated light was calibrated to 100 mW/cm
2
 by using a reference Si 
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photodiode equipped with n IR-cutoff filter (KG-3, Schott) so that the 
mismatched between the simulated light and AM 1.5 (within 350 nm to 250 
nm) can be reduced to less than 2% with measurements verified at two solar-
energy institutes [ISE (Germany), NREL (USA)]. An external bias was 
applied to the cell and the generated current was measured with a Keithley 
model 2400 digital source meter. The voltage step and delay time of the 
photocurrent were 10 mV and 40 ms respectively. 
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Electric Field Assisted Assembly of CdS Nanocrystals on 
Transparent Conducting Substrate for Optoelectronic Device 
Fabrication 
 
Semiconductor nanocrystals (NCs) such as CdS, CdSe, CdTe, PbS and PbSe 
have attracted much interest due to their size-dependent optoelectronic 
properties.
1
 Recently, there have been intense research efforts on the use of 
these NCs as building blocks for applications in biosensing, optoelectronics 
and photovoltaics.
2-4
 These applications often require larger assemblies of NCs 
such as thin films or superlattices which may be formed by various deposition 
techniques. For example, one or a few close packed monolayers of NCs have 
been prepared by Langmuir-Blodgett deposition.
5
 Drop casting and spin 
coating have also been used to deposit large area of NCs film with thickness 




Electrophoretic deposition (EPD) offers an alternative technique to produce 
smooth, robust and several micrometers thick film with the possibility of 
patterned deposition.
9-11
 Upon the application of an electric field between two 
electrodes, charged particles dispersed in the liquid bath move to the 
electrode(s) and subsequently deposit onto the electrode due to surface-
particles interactions. The static electric field acts as the driving force to 
deposit conformal films onto conductive substrates of various arbitrary sizes, 
shapes and textures.
12
 Compared to other deposition techniques, EPD involves 
relatively simple and low cost apparatus and has a good potential for scaling 




up to large product volumes and sizes.
13
 Also, the thickness of the deposited 
film can be easily controlled by varying parameters such as the duration and 




EPD has been used to deposit a wide variety of nanoscale materials. Thin 
mechanically robust coatings and functional nanocrystalline films of many 
different inorganic NC systems, namely ZnO, Gd2O3, TiO2, CdSe and 
Cu2ZnSnS4 have been prepared by EPD.
15-19
 Herman and co-workers recently 
demonstrated the suppression of fracture in EPD-deposited CdSe NC films by 
treating the wet, as-deposited films with solutions of organic capping ligands, 
trioctylphosphine oxide, or precursor monomers such as divinylbenzene.
20, 21
 
In the field of organic nanomaterials, EPD of carbon nanotubes (CNTs) was 
first reported by Du et al. in 2002.
22
 Following, EPD of both single-walled 
CNTs (SWCNTs) and multi-walled CNTs (MWCNTs) have been extensively 
employed in the preparation of many devices such as supercapacitors, field 
emission devices and gas sensors.
23
 This generic technique is also extended to 
deposit both graphene and graphene-based materials for various applications 
such as fuel cells, solar cells and biosensors.
24
 Also, composite nanomaterials 
can be formed by EPD via simultaneous or sequential deposition process. For 
example, Kamat and co-workers utilized EPD method to cast CNT-CdSe 
composite films on indium-doped tin oxide (ITO)-coated glass.
25
 Mahajan et 
al. reported an alternating low field-high current and high field-low current 
EPD scheme to fabricate MWCNT-iron oxide NC composite films.
26
 Meng 
and co-workers used a high-voltage EPD method to obtain vertically aligned 
forests of MWCNTs and MnO2 nanorods on various conductive substrates.
27
 




EPD is actively employed for the fabrication of photovoltaic and 
optoelectronic devices. Many different types of semiconductor NCs such as 
CdSe, PbS, PbSeS and CuInS2 quantum dots and CdSe quantum rods were 
deposited on mesoporous TiO2 electrode by EPD to prepare semiconductor 
sensitized solar cells.
28-31
 Chen et al. reported the EPD of CdSe NCs on ZnO 
nanorods grown on ITO-coated polyethylene terephthalate to fabricate a 
flexible solar cell.
32
 Song et al. used EPD to deposit uniform CdSe/ZnS 
core/shell quantum dots films of a few monolayers thick and fabricated a 
bright and efficient quantum dot light emitting device.
33
 Often, these 
semiconductor NCs are capped with long hydrocarbon chains or bulky 
organometallic molecules such as oleic acid and trioctylphosphine oxide and 
dispersed in nonpolar organic solvents such as hexane and toluene. Therefore, 
EPD of these NCs typically requires high applied potentials and close distance 
between both the electrodes in order to ensure a sufficiently high electric field 
in the deposition bath. Moreover, these organic surface ligands create highly 
insulating barriers around each NC and induce instabilities in the electronic 




Recently, Talapin and co-workers proposed a new class of inorganic surface 
ligands comprising of hydrazine-based metal chalcogenide complexes 
(MCCs).
35
 This was used to replace common organic surface ligands by a 
simple ligand exchange procedure based on phase transfer of the NCs from a 
nonpolar organic medium into a polar solvent. These hydrazine-based MCCs 
such as (N2H5)4Sn2S6 were found to be a potential “electronic glue” and a 
functional interparticle medium for NC-based solids. Due to the highly 




reactive nature of hydrazine, Kovalenko et al. later developed a new type of 
hydrazine-free molecular MCCs with ammonium, sodium or potassium as the 
counterion.
36
 They prepared main-group metal sulfide MCCs such as Na4SnS4, 
Na4Sn2S6, Na3AsS3, (NH4)4Sn2S6 and (NH4)3AsS3 and demonstrated that these 
MCCs provide colloidal stabilization of various NCs while enabling strong 




In this work, we report the EPD of SnS4
4-
-capped CdS NCs to form uniform 
thin film on conductive substrates. The use of Na4SnS4 as capping ligands aids 
the dispersion of CdS NCs in polar organic solvents such as formamide (FA) 
and dimethyl sulfoxide (DMSO). Hence, we could perform EPD in these 
solvents and thus reduce the required electrical field and applied voltage. In 
addition, the negatively charged MCC ions impart a negative surface charge 
on CdS NCs and allow selective deposition of SnS4
4-
-capped NCs specifically 
onto anode, unlike most EPD performed in nonpolar organic solvents in which 
depositions occurred on both electrodes. We explored the versatility of this 
deposition method by examining various parameters of the EPD process. 
Finally, we carried out photoconductivity studies on the EPD film of SnS4
4-
-
capped CdS NCs to investigate its potential for optoelectronic devices. 
 
3.1 Characterization of SnS4
4-
-capped CdS nanocrystals 
3.1.1 Electrophoretic Mobility Measurements  
SnS4
4-
-capped CdS NCs were prepared in a two-step method. Firstly, CdS 
NCs capped with organic surface ligands are synthesized by a previously reported 
method which involves the injection of a CdS molecular precursor, cadmium 
thiobenzoate, dissolved in trioctylphosphine into a hot solution of 1-




hexadecylamine at 120oC. In the next step, the organic surface ligands on these 
CdS NCs were replaced by inorganic capping ligands, Na4SnS4, via a simple 
ligand exchange procedure based on phase transfer of the NCs from a 
nonpolar organic medium into polar solvent. More details of the synthesis 
procedure have been given in Chapter 2.  
 
For a successful EPD, several physicochemical properties of both the liquid 
medium and the dispersed particles must be considered in order to obtain a 
homogenous and stable dispersion. A good overview on the processes that 
lead to charge generation and dispersion stability is provided in the review by 
Sarkar and Nicholson.
38
 Here, we first investigate the dispersion of SnS4
4-
-
capped CdS NCs in various organic polar solvents, namely DMSO, EG, FA 
and ethanol. As shown in Table 1, electrophoretic mobility (μ) measurements 
indicate that SnS4
4-
-capped CdS NCs are negatively charged in these organic 
polar media due to the surface SnS4
4-
 ions. Therefore, an applied electric field 
will move these negatively charged nanoparticles towards the anode. 
  




Table 3.1 Dispersion Parameters for SnS4
4-
-capped CdS NCs in EPD Baths of 




















































Estimated using Henry Equation as given in text. 
 
Zeta potential (ζ) is related to the electrophoretic mobility through the Henry 
Equation: 
μ = 2εζf(kr)/3η                                           (3.1) 
Here, ε is the solvent dielectric constant, η is the solvent viscosity, and f(kr) is 
Henry’s function for a particle with a radius r and the Debye screening 
parameter k. A Smoluchowski approximation of f(kr) = 1.5 is commonly 
accepted for the electrophoretic determination of zeta potential made in 
aqueous or similar polar media with a moderate electrolyte concentration.
41, 42
 
Zeta potential is closely associated with surface charge and interparticle 
repulsive potential (VR): 
VR = 2πεrζ
2
 exp(-κD)                                      (3.2) 
where π is the solvent permeability, r is the particle radius, κ is a function of 
the ionic composition, and D is interparticle distance. Thus, the colloidal 






-capped CdS NCs in the various organic polar solvents can 
be compared based on the magnitude of zeta potential. The determined mean 
zeta potentials (Table 1) suggest that the NCs are most stable in EG and least 
stable in ethanol.  
 
Although a stable dispersion is essential for successful EPD, the viscosity of 
liquid medium and the conductivity of dispersion also have significant effects 
on the deposition efficiency. These parameters influence both the strength of 
electric field required to drive the charged particles towards the electrodes and 
the rate of deposition on the electrodes. Based on Table 1, dispersion of SnS4
4-
-capped CdS NCs in FA is the most suitable for EPD. In FA, the SnS4
4-
-
capped CdS NCs form a mildly stable dispersion and has the highest 
electrophoretic mobility. Also, the conductivity of the dispersion is higher and 
thus the voltage applied during EPD in FA will be relatively lower. However, 
the high boiling point of FA impedes drying of the deposited film at room 
temperature. It is important to have a low boiling solvent for the ease of device 
fabrication at room temperature. Therefore, the second best choice among 
these solvents is ethanol as it is also a relatively cheap and non-toxic solvent. 
 
3.1.2 Optical Properties of the Nanocrystals 
Figure 3.1a compares the absorption spectra of the as-prepared CdS NCs 
capped with organic ligands and that after ligand exchange with Na4SnS4. 
Both organically capped CdS NCs in hexane and SnS4
4-
-capped CdS NCs in 
FA exhibited identical optical absorption features with the first excitonic 
absorption peak at ~460 nm. This revealed that the SnS4
4-
capped NCs retained 




their electronic structure and size distribution of the as-synthesized CdS NCs. 
When the SnS4
4-
-capped NCs are dispersed in ethanol, however, the first 
excitonic absorption peak and absorption onset moved to ~470 nm and ~600 
nm respectively. This broad absorption band is mainly due to the 
agglomeration of SnS4
4-
-capped CdS NCs in ethanol. The partial ionisation of 
Na4SnS4 ligands in ethanol caused the MCC-capped NCs to have low particle 
charge as suggested by the low zeta potential (Table 1). Therefore, the 
interparticle electrostatic repulsion is weak and SnS4
4-
-capped CdS NCs tend 
to coagulate in ethanol.  
 
Figure 3.1b presents the photoluminescence (PL) spectra of the as-synthesized 
CdS NCs capped with organic ligands and the SnS4
4-
-capped CdS NCs. The 
as-prepared CdS NCs showed two types of emission bands. The sharp and 
narrow peak centered on ~480 nm is attributed to the band edge emission 
while the broad peak in the region of ~550-750 nm is the surface defect 
emission arising from the recombination of trapped excitonic pairs in the 
surface defects.
43
 Both of these emissions are quenched in the PL spectra of 
SnS4
4-
-capped CdS NCs in FA or ethanol. This quenching effect had also been 
reported for SnS4
4-
-capped CdSe NCs and was attributed to the ionized SnS4
4-
 
surface ligands comprising sulfide functional groups.
36
 Several studies have 
indicated that sulfide capping molecules resulted in complete or significant PL 
quenching of CdS NCs.
43-47
 This arises due to hole trapping by the highest 
occupied molecular orbital (HOMO) level of the sulfide, which is lying above 
the valence band of CdS NCs. Therefore, photogenerated holes in the SnS4
4-
-
capped CdS NCs are likely to be trapped in the same manner. 






Figure 3.1 (a) Absorption spectra of as-prepared CdS nanocrystals capped 
with organic ligands (in hexane), after ligand-exchange with Na4SnS4 (in FA 
and ethanol respectively), and EPD-deposited SnS4
4-
-capped CdS 
nanocrystalline film on FTO substrate. The inset shows the digital image of 
EPD-deposited film. (b) PL spectra for as-prepared CdS nanocrystals capped 
with organic ligands and after ligand exchange with Na4SnS4. 
 
3.1.3 Morphology of the Nanocrystals 
Figure 3.2 shows the TEM images of the as-prepared CdS NCs capped with 
organic ligands and MCC-capped CdS NCs prepared in ethanol. The average 
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-capped CdS NCs estimated from Figure 3.2(a) is ~5.1 ± 0.4 nm. 
As observed under TEM, SnS4
4-
-capped CdS NCs formed small agglomerates 
in ethanol. This is caused by the weak repulsive force between the MCC-
capped CdS NCs arising from the partial ionisation of Na4SnS4 ligands in 
ethanol which results in a low surface charge as suggested by the low zeta 
potential (Table 1). 
 
Figure 3.2 Typical TEM images of CdS nanocrystals (a) as-prepared and 
capped with organic ligands and (b) after ligand exchange with Na4SnS4.  
 
3.2 Characterisation of SnS4
4-
-capped CdS Nanocrystalline Film  
3.2.1 Assembly of SnS4
4-
-capped CdS NCs on FTO Substrate 
The negatively charged SnS4
4-
-capped CdS NCs are dispersed in ethanol and 
deposited onto the positively charged FTO-coated glass as the anode, to form 
a film composed of all-inorganic NCs. In a series of experiments, the duration 
of EPD is varied and the applied voltage is kept at 30V. The resulting EPD 
film thickness is measured by using a profilometer. The thickness of SnS4
4-
-
capped CdS nanocrystalline (NC) film increased with increasing duration of 
EPD as shown in Figure 3.3a. To examine the effect of applied voltage on the 
deposition process, another series of experiments is performed by using 
a b 




different applied voltages (~13.3 – 33.3 V/cm), while keeping the duration of 
EPD the same. Figure 3.3b illustrates that the thickness of SnS4
4-
-capped CdS 
NC film increased when higher voltage is employed during EPD. Thus, we 
have shown that SnS4
4-
-capped CdS NC films of controlled thickness can be 
prepared by varying the deposition duration or applied voltage of EPD. More 
importantly, EPD in ethanol is more efficient because films of several 
micrometers thick are deposited at a much lower applied voltage range 





Figure 3.3 Average thickness of EPD-deposited SnS4
4-
-capped CdS 
nanocrystalline film on FTO substrate as a function of (a) deposition duration 
at applied voltage of 30 V, and (b) applied voltage for deposition duration of 
20 min. 
 
3.2.2 Morphology of the EPD Prepared Films  
After EPD, the as-prepared SnS4
4-
-capped CdS NC film is mechanically 
compressed by using a hydraulic press to give a more compact film with better 
adherence to the FTO substrate. Figure 3.4 shows the FESEM images of a 
typical SnS4
4-
-capped CdS NC film pressed under ~1000 kg/cm
2
. The EPD 
film exhibited a uniform, tightly packed surface morphology with fine cracks. 
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These cracks occur due to the release of in-plane tensile stress developed in 
the film during evaporation of the residual deposition solvent in the as-
deposited film.
20, 21
 As shown in the cross-sectional FESEM image (Figure 
3.4c), there are no irregular or large pores throughout the EPD film. Such a 
homogeneous close-packed microstructure is expected to improve the charge 
transport property of the EPD film. In the subsequent experiments, films with 
thickness of ~2.5 µm are prepared by carrying out EPD at 40 V for 20 minutes 
and subsequently pressed under ~1000 kg/cm
2
. Once compressed into a film, 
the absorption of SnS4
4-
-capped CdS NC film is red-shifted when compared to 
that of CdS NCs prepared in hexane or FA. These optical absorption features 
exemplify the enhanced interparticle electronic coupling in the film. Due to 
the generality of this deposition technique, we have also successfully 
performed EPD of SnS4
4-
-capped CdS NCs on other conductive substrates 
such as gold and molybdenum which are commonly used in solar cells as 
shown in Figure 3.5. 
  






Figure 3.4 Typical FESEM images of (a) the top view, (b) the magnified top 
view and (c) the cross-section of a SnS4
4-
-capped CdS nanocrystalline film 











Figure 3.5 Typical FESEM images of the cross-section of a SnS4
4-
-capped 
CdS nanocrystalline film deposited on (a) gold coated and (b) molybdenum 










3.2.3 Grazing Incidence X-ray Diffraction Pattern of the Film  
Grazing incidence X-ray diffraction (GIXRD) patterns of SnS4
4-
-capped CdS 
NC film deposited on FTO-coated glass are shown in Figure 3.6. The peaks 
are assigned to cubic CdS (JCPDS File no. 80-0019) and SnO2 (JCPDS File no. 
77-0452). Due to the small size of the crystallites, the XRD patterns are 
considerably broadened. The average grain size of the SnS4
4-
-capped CdS NCs 









)                                     (3.3) 
where dave is the mean grain diameter, λ is the X-ray wavelength, B is the full 
width of peak measured at half-height, and θ is the diffraction angle. This 
average size of SnS4
4-
-capped CdS NCs determined from the Scherrer 
equation is slightly smaller than the average size estimated by using TEM. 
Generally, the Scherrer equation provides a lower limit of the particle size as 
there are a variety of factors that can contribute to the width of a diffraction 
peak besides instrumental effects and crystallite size.  





Figure 3.6 Grazing incidence X-ray diffraction patterns of SnS4
4-
-capped CdS 
nanocrystalline film deposited on FTO substrate.  
 
3.2.4 Photoconductivity Measurements 
A sandwich structure photoelectric device comprising the EPD film with silver 
paste as top contact and FTO as bottom contact is fabricated as shown in the 
inset of Figure 3.7. Details of the photoelectric device fabrication procedure 
have been given in Chapter 2. An aperture with a diameter of 2 mm is used to 
define the illumination area. For all photoconductivity measurements, a 405 
nm diode laser is used as the excitation source. Figure 3.7 illustrates the 
current-voltage (I-V) curves of the Ag/SnS4
4-
-CdS/FTO device scanned from -
1 to 1 V in the dark and under illumination with an intensity of 375 mW/cm
2
. 
The current measured under illumination is much larger than that in the dark, 
indicating photoconductivity. 
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Figure 3.7 Current-voltage plot for the EPD-deposited SnS4
4-
-capped CdS 
nanocrystalline film on FTO substrate in the dark and under laser illumination. 
The inset shows a schematic of the device fabricated and measured.  
 
To further investigate the photoconductivity of the Ag/SnS4
4-
-CdS/FTO device, 
photocurrent response of the device is measured at a bias voltage of 10 mV 
and under an illumination of 375 mW/cm
2
. The induced photocurrent is 
obtained by subtracting the dark current from the total current measured in the 
presence of light. Figure 3.8a shows the reversible photocurrent switching 
effect of the device at four different temperatures (297.5, 303, 308 and 313 K) 
when the 405 nm excitation source is turned on and off alternatively. A slow 
rise and decay of photocurrent upon illumination was observed and this is 
similar to the MCC-capped InAs NC films reported by Liu et al..
49
 In 
accordance with the wavelength of excitation source, the initial fast rise of 
photocurrent is largely due to an increase in photogenerated charge carriers. 
This fast rise of photocurrent is indicative of the good connectivity between 
the SnS4
4-
-capped CdS NC film and the underlying FTO substrate. 























Subsequently, a gradual trapping and recombination process took effect and 
resulted in a slow rise in photocurrent. At higher temperatures, the rising rate 
of induced photocurrent did not change significantly while the maximum 
induced photocurrent increased. When the light is switched off, the 
photocurrent did not fall to zero instantaneously but decreased slowly as 
indicated in Figure 3.8a. This slow decay of photocurrent in the absence of 
illumination continues for hours and is characteristic of the phenomenon 
named persistent photoconductivity (PPC).
50
 Hence, an increasing trend is 
observed in both the rise and decay of photocurrent during the successive light 
exposures.  
 
The slow rise and decay of photocurrent had also been reported for a variety of 
other materials including Ga1-xInxNyAs1-y, Zn0.3Cd0.7Se, AlxGa1-xAs alloys, 
GaN epilayers, and CdS nanorods thin film.
51-55
 They were attributed to the 
presence of trap states situated at different energy levels within the band gap 
or due to the local potential fluctuation arising from structural and charge non-
homogeneities. These non-homogeneities result in band bending and potential 









To obtain more insights on the trap centers, the decay of normalized induced 
photocurrent with time is studied at various temperatures as shown in Figure 




IPPC(t) = IPPC(0) exp(-(𝑡/𝜏)𝛽)                                    (3.4) 
where τ is the relaxation time constant and β is a decay exponent expressing 
the degree of stretch. The values of τ at different temperatures are obtained by 
fitting the decay curve obtained for each temperature with Equation (3.4). We 
also attempted to fit the decay curve with a bi-exponential function but the 
fitting is not good. This stretched-exponential function has been used to 
describe the PPC relaxation in various semiconductors such as MoS2 













































Figure 3.8 (a) Time-dependent photocurrent (I-t) response of the EPD-
deposited Na4SnS4-capped CdS nanocrystalline film on FTO substrate at 
various temperatures under 405 nm-light illumination at an applied voltage of 
10 mV. (b) Normalized PPC decay curves at temperatures 297.5, 303, 308, 
313 K. Solid curves are the least-squares fitting of PPC decay data to Equation 
(3.4). 
 
As shown in Figure 3.8b, the relaxation time constant (τ), increased from ~53 
to ~129 s when the temperature increased from 297.5 to 313 K. Similar 
temperature-dependent PPC decay was previously reported for CdS nanorods 
thin film, MoS2 monolayer, and ZnCdSe film.
52, 55, 58
 The decay of PPC 
observed in this work is unlikely to be caused by the presence of shallow traps 
because the relaxation time constant in such decay model is expected to 
decrease with an increase in temperature due to thermal activation of charge 
carriers over the barrier potential of traps. Thus, we propose to explain the 
observed PPC in terms of the spatial separation of photogenerated electrons 
and holes as discussed by Jiang and Lin.
52
 This spatial separation could be 
caused by the local potential barrier induced by the HOMO level of the sulfide 
which lies above the valence band of CdS NC and traps the photogenerated 
holes as mentioned in the PL quenching mechanism. While the holes remain 
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localized in the traps and immobile, the free electrons diffuse to occupy sites 
of minimum potential energies and percolate through the network of these 
sites contributing to conductivity. As a result, recombination of electrons and 
holes becomes spatially less possible with increasing time due to the lack of 
holes around sites of potential minimum for electrons. Hence, PPC with a slow 
decay is observed. With an increase in temperature, the free electrons diffuse 
faster to the local potential minima and this leads to an increase in τ. 
 
The photocurrent of the Ag/SnS4
4-
-CdS/FTO device also depends strongly on 
light intensity. Figure 3.9 shows the dependence of induced photocurrent on 
the intensity of excitation source at bias voltage of 10 mV. To demonstrate 
reproducibility of the measurement, each data point in the plot consisted of 
three independent measurements of photocurrent response under the same 
experimental conditions. As expected, the amount of induced photocurrent 
response increased when intensity of the 405 nm LED laser increased from 
598 to 1177 mW/cm
2
. The data are well fitted with a linear function, 
indicating that the photocurrent response of the device can be effectively 
controlled by light intensity.  





Figure 3.9 Intensity dependence of induced photocurrent for FTO/SnS4
4-
-
capped CdS/Ag device under 405 nm-light illumination at an applied voltage 
of 10 mV. 
 
3.3 Summary 
In summary, a simple, efficient and easily scalable deposition method to 
produce SnS4
4-
-capped CdS nanocrystalline film is demonstrated. EPD of CdS 
NCs in polar solvent is made possible by the exchange of organic surface 
ligands on the NCs with Na4SnS4 ligands. Various important dispersion 
parameters such as electrophoretic mobility, zeta potential and dispersion 
conductivity were investigated to obtain an optimized ethanolic dispersion of 
SnS4
4-
-capped CdS NCs prior to performing the EPD. Films of several 
micrometers thickness are deposited in an effective and controllable manner 
by varying the duration of deposition or applied voltage. Subsequently, the as-
deposited film is pressed to obtain a uniform, closed pack and adherent film 
for device fabrication.  
 






































-capped CdS NC film on FTO substrate is fabricated into a 
photoelectric device to investigate its photoconductivity. The photocurrent 
response of the device is characterised by a slow rise and decay of 
photocurrent when the illumination is turned on and off. The kinetics of the 
PPC decay is found to follow a stretched-exponential function with an 
increase in the decay times as temperature increases. In spite of the uncertainty 
in the exact charge trapping process, we propose the trapping of 
photogenerated holes by HOMO level of the sulfide group of SnS4
4-
 surface 
ligands is predominantly responsible for both the PL quenching and PPC 
effects. 
 
As NC surface ligands, Na4SnS4 is found to play several significant roles: (i) 
bind strongly to the NC core, (ii) impart a negative surface charge to the NC, 
(iii) preserve the electronic structure and photophysics of the NCs, and (iv) 
support efficient charge transport in NC solids. With the generality of EPD, 
we believe the described deposition method can be extended to different NCs 
such as metallic, semiconductor and magnetic nanoparticles capped with 
compatible inorganic surface ligands to prepare nanocrystalline films on 
various conducting substrates for many interesting applications. 
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Electrochemical Preparation of TiO2 Nanotube Arrays and 
PbS Decoration for Photodegradation of Organic Dyes 
 
The presence of toxic organic pollutants in discharged waste water poses a 
serious environmental problem. Various techniques including adsorption on 
porous absorbents, chemical coagulation, filtration, ozone treatment, aerobic, 
and anaerobic biological treatment, and advanced oxidation processes have 
been employed to remove these organic pollutants during waste water 
treatment.
1-7
 Unfortunately, adsorption and coagulation techniques merely 
transform the organic pollutants to another phase and create another problem 
of disposing these toxic wastes. In filtration, organic compounds of low molar 
mass can pass through the filter system. Being destructive in nature, advanced 
oxidation processes does not involve mass transfer and have shown great 
promise in waste water treatment.
8
 For instance, photocatalytic oxidation of 
toxic organic pollutants represents an inexpensive and feasible detoxification 
strategy for waste water treatment. 
 
Fujishima and Honda first reported the use of a single crystal titanium dioxide 
(TiO2) photoanode for photocatalytic splitting of water in 1972.
9
 Since then, 
TiO2 has been intensively investigated as a photocatalyst for degradation of 
various organic pollutants in aerated aqueous solution due to its favorable 
band position, non-toxicity, low cost, and long-term stability against photo and 







 Figure 4.1 shows the general principle of photocatalytic 




Figure 4.1 Mechanism of TiO2 based photocatalytic degradation of organic 
compounds. (Reproduced with permission from ref. [11]). 
 
When TiO2 is irradiated by photons with energy greater than or equal to the 
band gap energy (Eg), electrons are excited from the valence band to the 




) pairs are generated. These electron-
hole pairs, also known as excitons, either recombine inside the particle or 
migrate to the surface where they can react with the adsorbed organic 
molecules. In aqueous solutions, the positively charged holes in the valence 
band typically form hydroxyl radicals (
•
OH) while electrons in the conduction 





). These oxidizing agents subsequently react with the organic molecules 
present in the solution and induce their oxidative degradation to inorganic 









There are many factors that influence the photocatalytic performance of TiO2 
for the degradation of organic compounds.
13
 One significant factor is the 
crystal form of TiO2; the three most stable crystalline phases of TiO2: anatase, 
rutile and brookite show different photocatalytic activities.  Often, the anatase 
phase demonstrates the highest activity due to both its higher absorption 
affinity for organic molecules and lower electron–hole recombination rate.14 
On the other hand, the rutile phase has a photoresponse extending slightly into 
the visible light region due to its smaller bandgap (3.0 eV) than the anatase 
phase (3.2 eV).
15
 Therefore, the synergetic effect of mixing these two 
crystalline phases had been extensively demonstrated and the resulting mixed 
phase TiO2 exhibited enhanced photoactivity compared to pure crystalline 
phase.
16-18
 However, few studies have been carried out on brookite TiO2 as a 
photocatalyst probably due to the harsh conditions required in its synthesis.  
 
Specific surface area is another important factor that determines the 
photocatalytic efficiency of TiO2. Over the years, many TiO2 nanostructured 
materials with high surface-to-volume ratios such as nanoparticles, nanorods, 
nanofibers, nanowires, nanosheets and nanotubes have been prepared and 
studied as photocatalysts.
19
 Among these TiO2 nanomaterials, TiO2 nanotubes 
(NTs) have attracted considerable attention because of their unique tubular 
structures, thin nanotube wall, and large specific surface areas, which are 
expected to enhance light harvesting and maximize the number of active sites 
for chemical reactions to occur.
20
 TiO2 NTs with different sizes and 
geometrical shapes could be prepared using various physical and chemical 
synthesis routes which include hydrothermal treatment, template-assisted 







and electrochemical anodic oxidation.
20-22
 Among the 
currently developed methods, electrochemical anodization of titanium (Ti) foil 
is the cheapest and most straight-forward method that leads to self-assembled 
TiO2 NTs with highly ordered arrays. In addition, the resulting tube diameter, 
tube length, and overall morphology can be easily controlled during the 
anodization process by varying the electrochemical conditions such as applied 
potential, anodization time, and pH of electrolyte.
23
 Overall, this is a facile 
synthesis method and hence a cost-effective scale-up process. 
 
Having a large band gap energy (3.0 and 3.2 eV for rutile and anatase TiO2 
respectively), TiO2 absorbs sunlight in the UV region that accounts for only 
8% of the solar spectrum.
24
 The visible-light region, on the other hand, 
constitutes about 45% of the solar spectrum. Therefore, the effective 
utilization of visible light has become one of the most important goals in 
photocatalytic application of TiO2. One effort is to dope TiO2 with 
metal/nonmetal ions to reduce its band gap.
25, 26
 However, ion doping beyond 
a minimal concentration introduces mid gap energy levels which serve as 
undesirable recombination centers for photogenerated excitons. Another 
alternative to extend the photoactivity of TiO2 into visible light region is to 
sensitize it with a semiconductor that has a narrow band gap and an 
energetically high-lying conduction band.
27-29
 Upon visible light excitation, 
photogenerated electrons can be transferred from the sensitizer to the 
conduction band of TiO2.
30
 Many semiconductors including CdS, CdSe, PbSe, 
PbS have been employed to sensitize TiO2. Among these semiconductors, lead 
sulfide (PbS) is an attractive candidate because its band gap energy is tunable 





from near infra-red to visible region.
27, 31
 Bulk PbS has a band gap energy of 
0.42 eV while PbS nanocrystals with diameter less than 5 nm have a band gap 
energy of 0.88 eV. Also, PbS nanocrystals are expected to improve the 
photoactivity of TiO2 due to multiple exciton generation (MEG) and efficient 
spatial separation of photogenerated charges, preventing electron-hole 
recombination. 
 
This present work focuses on the photocatalytic behavior of TiO2 nanotube 
arrays (NTAs) and PbS decorated TiO2 NTAs for the photodegradation of 
methylene blue (MB). Ti foil was first anodized in a fluoride ions containing 
electrolyte to electrochemically grow highly ordered TiO2 NTAs. By varying 
the applied anodization potential, TiO2 NTAs of various dimensions were 
obtained. Subsequently, the as-synthesized TiO2 NTAs were calcined at 
various temperatures. The effects of calcination temperature on the 
morphology, crystal structures and photocatalytic activity of TiO2 NTAs were 
investigated and discussed. Unlike most studies on PbS/TiO2 nanocomposites 
which involved pre-synthesized PbS NCs capped with organic surface ligands, 
controlled in-situ growth of PbS onto the TiO2 NTAs was conducted by using 
a combination of underpotential deposition (UPD) and codeposition method in 
the second step.
27, 31
 Effect of various electrodeposition conditions (applied 
potential, electrolyte pH, and deposition duration) was investigated. The 
morphology, composition, crystal structure and optical property of the 
resultant PbS/TiO2 nanocomposites were examined by SEM, EDX, XRD and 
UV/Vis diffuse reflectance spectroscopy respectively. 





4.1 Electrochemical Anodization of Ti Foil 
Self-organized TiO2 NTAs can be obtained by anodic oxidation of Ti foil in a 
two-electrode electrochemical cell comprising Ti foil as the anode and 
platinum rod as the cathode as shown in Figure 4.2. Growth of TiO2 NTAs on 
Ti foil in the fluoride ions containing electrolyte occurs as a result of the 
interplay between three simultaneously occurring processes, namely the field-
assisted oxidation of Ti metal to TiO2, the field-assisted dissolution of Ti 
metal ions in the electrolyte, and the chemical dissolution of Ti and TiO2 due 




 These reactions can be 
summarized as below: 
 





Figure 4.2 Schematic of a two-electrode electrochemical cell in which 
anodization of Ti foil occurs when electrical potential is applied. 
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4.2 Effect of Anodization Potential  
Anodization of Ti foil was performed at various applied potentials ranging 
from 10 to 25 V. As observed under SEM (Figure 4.3), the average inner 
diameter of TiO2 NTAs increased from 24 to 54 nm with increasing applied 
potential. In addition, the average length of TiO2 NTAs determined from the 
SEM cross section images (Figure 4.4) increased from 2.6 to 8.1 µm at higher 
anodization potentials. Figure 4.5 summaries the effects of anodization 
potential on the dimensions of as-synthesized TiO2 NTAs. Both the inner 
diameter and length of TiO2 NTAs were found to be linearly controlled by the 
anodization potential. Hence, the applied electric field plays a key role in the 
formation of TiO2 NTAs as it greatly influences the equilibrium between the 
electrochemical oxidation of Ti to TiO2 and field-assisted chemical dissolution 
of TiO2 by fluoride ions. Also, it is important to note that this level of diameter 
control bears significant potential for applications where the tube diameter 
needs to be tailored for specific use. For example, an optimal tube diameter 












Figure 4.3 Top view SEM images of TiO2 NTAs prepared by anodization of 
Ti foil for 2 hours at different anodization voltages: (a) 10 V, (b) 15 V, (c) 20 





Figure 4.4 Cross section SEM images of TiO2 NTAs prepared by anodization 
of Ti foil for 2 hours at different anodization voltages: (a) 10 V, (b) 15 V, (c) 
20 V and (d) 25 V. 






















































Figure 4.5 Average inner diameter and length of TiO2 NTAs produced as a 
function of anodization voltage. 
 
4.3 Effect of Calcination Temperature 
4.3.1 Crystal Structure of TiO2 Nanotube Arrays 
It is well-known that thermal treatment of as-prepared TiO2 will determine its 
crystal structure which has great influence on its photocatalytic activity and 
photoelectrochemical properties.
14, 35
 Therefore, XRD was used to characterize 
the phase transformation of TiO2 NTAs calcined at various temperatures. TiO2 
NTAs were first prepared by anodization of Ti foils at 20 V for 3 hours and 
subsequently calcined in air at 450, 550, 650, 750 and 850 
o
C for 2 hours. 
Their respective XRD patterns are depicted in Figure 4.6. It is clear that the as-
prepared TiO2 NTAs is amorphous as the XRD patterns (Figure 4.6a) 
correspond only to that of Ti foil (JCPDS 1-1197). After calcination at 450
 o
C, 
two broad diffraction peaks at 2θ = 25.38 and 48.18 attributing to the {101} 
and {200} planes of anatase TiO2 (JCPDS 21-1272) respectively were clearly 





observed. A small broad peak appeared at 2θ = 27.58 when TiO2 NTAs were 
calcined at 550 
o
C. This diffraction peak corresponds to the {110} plane of 
rutile TiO2 (JCPDS 34-180) and suggests the occurrence of phase 
transformation from anatase to rutile. With increasing calcination temperature 
(from 550 
o
C to 850 
o
C), the relative intensity of diffraction peaks arising from 
rutile TiO2 increased significantly and this implies the crystallization and 
formation of larger rutile crystallites. On the other hand, diffraction peaks of 
anatase TiO2 decreased in relative intensity. Hence, more anatase phase is 
transformed into rutile phase at higher calcination temperatures. In addition, 
diffraction peaks from the Ti foil decreased with increasing calcination 
temperature and almost vanished at 850 
o
C. This is due to direct oxidization of 
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Figure 4.6 XRD patterns of (a) as-prepared TiO2 NTAs and TiO2 NTAs 
calcined for 3 hrs at different temperatures: (b) 450 
o
C, (c) 550 
o





C and (f) 850 
o
C. Peaks denoted Ti are from the Ti substrate used. 
Reflections of standard anatase and rutile phases are indicated as  and      
respectively. 





4.3.2 Morphology of TiO2 Nanotube Arrays 
The effects of calcination temperature on the morphology of TiO2 NTAs were 
determined by SEM. Figure 4.7a shows a typical SEM image of the as-
prepared TiO2 NTAs. Compact, vertically aligned and highly ordered NTAs 
grown on the Ti foil were observed. The inset in Figure 4.7a exhibits a SEM 
image taken at high magnification, indicating that these as-prepared TiO2 
NTAs had an average inner diameter of ~40 nm and wall thickness of ~10 nm. 
It can be seen from Figure 7b and 7c that both the TiO2 NTAs calcined at 
450 °C and 550 °C respectively had the same surface morphology as the as-
prepared TiO2 NTAs, and the inner diameter and wall thickness of these NTAs 
had no significant difference. This suggests that that calcination of TiO2 NTAs 
at low temperatures (≤ 550 °C) has no influence on their surface morphologies 
and structural dimensions. However, small irregular pits were observed in the 
wall of TiO2 NTAs calcined at 650 
o
C, under SEM at high magnification 
(Inset of Figure 4.7d). These pits could be attributed to the random phase 
transformation of anatase to rutile crystallites as discussed in the previous 
section. When the calcination temperature was increased to 750 
o
C, the surface 
morphology of TiO2 NTAs changed significantly as shown in Figure 4.7e. The 
tubular structures appeared less distinct with smaller inner diameter and 
rougher surface. This can be explained by the increased phase transformation 
at higher temperature that leads to more aggregates of rutile crystallites on the 
surface of TiO2 nanotube while the remaining anatase phase barely keeps the 
tubular structure intact.
35
 Eventually, the tubular structures were completely 
destroyed and only aggregated TiO2 particles with size of over 150 nm were 
observed when TiO2 NTAs were calcined at 850 
o
C. As mentioned in the XRD 





analysis, the rutile TiO2 grains continue to grow with temperature and they 
consume the anatase TiO2 nanotubes to form one-dimensional aggregates of 








Figure 4.7 Low magnification SEM images of (a) as-prepared TiO2 NTAs and 
TiO2 NTAs calcined for 3 hours at different temperatures: (b) 450 
o
C, (c) 550 
o
C, (d) 650 
o
C, (e) 750 
o
C and (f) 850 
o
C. The insets are high magnification 









4.3.3 Absorption Profile of TiO2 Nanotube Arrays 
The UV/Vis absorption profile of TiO2 NTAs calcined at various temperatures 
were studied by using UV/Vis diffuse reflectance spectroscopy and expressed 
in Kubelka-Munk units (FR) as shown as Figure 4.8. All TiO2 NTAs absorb 
strongly in the UV regime. However, their absorbance at wavelengths less 
than 330 nm decreased with increasing calcination temperature (Figure 4.8a). 
This might be caused by enhanced scattering of light from the larger TiO2 
particles formed at higher temperatures.
16
 Figure 4.8b shows a zoom-in region 
of the spectra which illustrate the absorption onsets of the various TiO2 NTAs. 
As calcination temperature increased from 450 to 850 
o
C, a significant shift in 
the absorption profile to longer wavelengths was observed. Since the band gap 
energy of rutile TiO2 is 3.0 eV while that of anatase TiO2 is 3.2 eV, this red-
shift of absorption onsets can be associated with the increased rutile fraction in 
the TiO2 NTAs at higher calcination temperatures as discussed previously. 



















































































Figure 4.8 (a) Diffuse reflectance spectra of as-prepared TiO2 NTAs and TiO2 
NTAs calcined for 3 hours at different temperatures as indicated in the legend. 
The Kubelka-Munk unit is used, FR = (1 – R)
2
/2R, where R is the reflectance. 
(b) A zoom-in region of the diffuse reflectance spectra depicting the 
absorption onsets of the various TiO2 NTAs. 
 
4.3.4 Photocatalytic Activity of TiO2 Nanotube Arrays 
The photocatalytic activity of TiO2 NTAs before and after calcination at 
different temperatures was evaluated by the decomposition of aqueous 
methylene blue (MB) solution in the presence of TiO2 NTAs under solar 
irradiation. The photocatalytic degradation experiment was carried out in a 
glass flask containing aqueous MB (30 mL, 10 mg/L) and the photocatalyst 
was mounted onto a magnetic stirrer using polyimide tape. Prior to experiment, 
the catalysts were stirred in the dark for 1 day to achieve adsorption-
desorption equilibrium. The mixture was allowed to react at constant stirring 
under a light flux of 100 mWcm
-2
 using ABET Technologies Solar Simulator 
(Model Sun 2000, 150W Xe Arc lamp with AM 1.5 G filter). To eliminate any 
thermal influence to the photodegradation, the reaction flask was immersed in 





a regulated water bath throughout the experiment. The progress of 
photocatalytic degradation was monitored by extracting aliquot (3 mL) of the 
mixture at a fixed time interval and measuring its absorption using UV-Vis 
spectroscopy. The change in absorbance at 664 nm was used to quantify the 
change in concentration of MB. Figure 4.9 compares the change in relative 
concentration of MB as a function of irradiation duration for the various TiO2 
NTAs. It is clear that the calcination temperatures have a great influence on 
the photocatalytic activity of TiO2 NTAs. Due to the amorphous crystal 
structure, TiO2 NTAs without calcination exhibited a relative low 
photocatalytic activity. On the other hand, photocatalytic degradation of MB is 
most efficient for anatase TiO2 NTAs formed at 450 
o
C. With increasing 
calcination temperature from 450 to 850 
o
C, the photocatalytic activity of TiO2 
NTAs decreased. To quantify the observed trends in Figure 4.9, the 
degradation curves were fitted with a single exponential equation
38
:  
C(t) = C0 exp(−kt)                       (4.2) 
where C(t) is the actual MB concentration, C0 is the initial MB concentration 
(at the end of sorption period), t is the irradiation time and k has the meaning 
of apparent rate constant related to the adsorption and reaction properties of 
the solute in the frames of the Langmuir model at k1C << 1 (k1 is the 
adsorption constant).
38
 The k values were independently obtained by a linear 
fit of the first-order degradation kinetics: ln(C/C0) = kt. The resulting k values 
represent a good measure of the overall photodegradation rate and are depicted 
in Table 1.  

































Figure 4.9 Change in relative concentration of aqueous methylene blue 
solution with solar irradiation time in the presence of as-prepared TiO2 NTAs 
and TiO2 NTAs calcined at different temperatures. The curve of control 
experiment without adding any TiO2 NTAs is labelled “MB”. 
 
The photodegradation efficiency of TiO2 NTAs calcined at different 
temperatures was further analysed with respect to their polymorph 
compositions and absorption onsets as shown in Table 1. The polymorph 
composition of these TiO2 NTAs was calculated by using Spurr’s equation
39
:  
[A]/% = (100 × IA) / (IA + 1.265 × IR)                              (4.3) 
where [A] is the mass percentage of anatase phase and IA, IR correspond to the 
areas of the most intense diffraction peaks of anatase {101} and rutile {110}, 
respectively. The mass percentage of rutile phase [R] = 100 – [A]. As seen, the 
rate constants, k, decrease with increasing rutile content despite the red shift of 
absorption onsets that suggests the absorption of a wider spectrum of solar 
radiation. This finding contradicts with several reports that claimed TiO2 
nanomaterials with mixed phases of anatase and rutile to have better 
photocatalytic performance than pure anatase or rutile phase.
35, 40-43
 This 





enhanced photocatalytic activity was attributed to the extended absorption 
profile into the visible light region with the presence of small fractions of 
rutile phase and suppressed recombination of photogenerated electrons and 
holes due to the charge separation between the two crystal phases. 
Nevertheless, we can ascribe our observation to two main reasons. Firstly, 
rutile phase has a lower affinity for organic molecules than anatase phase.
43-45
 
Therefore, an increased mass percentage of rutile phase, [R], on the surface of 
TiO2 nanotubes will reduce the amount of MB molecules adsorbed on the 
TiO2 surface for photodegradation. The second reason is due to the formation 
of larger crystallites and the eventual destroy of tubular structures of TiO2 
NTAs at higher calcination temperatures. As a result, there is enhanced 
scattering of light from the TiO2 surface, which greatly reduce the efficiency 
of light absorption and photodegradation of MB. 
 
Table 4.1 Summary of Polymorph Compositions, Absorption Onsets and 













) [A] (%) [R] (%) 
As-prepared - - 390 0.102 
450 100 0 393 0.292 
550 95.2 4.8 386 0.214 
650 81.5 18.5 410 0.181 
750 44.0 56.0 415 0.159 
850 24.9 75.1 420 0.132 





4.4 Electrodeposition of PbS on TiO2 Nanotube Arrays 
Electrodeposition of PbS onto the TiO2 NTAs was performed by adopting a 
modified electrochemical atomic layer deposition (EALD) method reported by 
Demir et al..
46
 EALD, or also known as electrochemical atomic layer epitaxy 
(ECALE), was first coined by Stickney and co-workers.
47
 It is based on 
alternating underpotential deposition (UPD) of the elements that form the 
compound semiconductor in a cycle. UPD is a surface-limited phenomenon 
whereby a single layer of atoms is deposited by applying a potential less than 
(under potential) that required to induce bulk-phase deposition.
48
 When 
deposition potential is applied within the UPD potential range, there is 
insufficient driving force to grow atoms on top of the homogeneous atoms, 
thus the growth process stops and bulk-phase or island deposition is avoided.
49
 
In general, each depositing step in the cycle is performed in separate solutions 
and potentials to form only a monolayer of heterogeneous elements, and the 




Demir and co-workers modified the generic EALD method to simplify the 
depositing steps involved in EALD of binary compound.
51
 In their modified 
method, both Pb and S elements were codeposited on single crystalline gold 





 at a constant potential, which is determined from the UPD 





 EDTA was used to complex with free Pb
2+
 to form PbEDTA
2-
 complex 
and sulfide was used in concentration smaller than 0.001 M. The concentration 
of EDTA has to be 10 times larger than the concentration of Pb
2+
 












 with EDTA shifts the deposition potential of Pb such 
that it coincides with the deposition potential range of S and hence the two 
elements could be codeposited at the same potential.
51
 In the following 
sections, effects of different electrodeposition conditions (electrolyte pH, 
deposition duration) were studied. 
 
4.4.1 PbS Deposition Potential Range 
Prior to electrodeposition of PbS, cyclic voltammetry (CV) was conducted in a 
three-electrode configuration by using TiO2 NTAs as the working electrode to 
determine the suitable PbS deposition potential range. Figure 4.10a shows a 
typical cyclic voltammogram of S
2-
 (0.001 M) in an aqueous solution 
containing EDTA (0.1 M). The voltammogram is characterized by a broad 
anodic deposition peak (AS, around -0.99 V) and a broad cathodic stripping 
peak (CS, around -1.33 V) that respectively correspond to 
electrodeposition/electrodesorption of S on/from the TiO2 surface at a sub-
monolayer level. This voltammetric behaviour is essentially identical to that 
reported for UPD of S in aqueous solutions previously.
54, 55
 The typical cyclic 
voltammogram of Pb
2+
 (0.01 M) in an aqueous solution containing EDTA (0.1 
M) is shown in Figure 4.10b. The broad cathodic peak (CPb) around -0.70 V 
corresponds to the deposition of Pb atomic layers while the stripping of Pb 
from TiO2 surface is represented by a broad anodic peak (APb) around -0.64 
V.
46
 Figure 4.10c illustrates the combined cyclic voltammograms of S and Pb 
in the UPD potential range. The region between the oxidative UPD wave of S 
and the reductive UPD wave of Pb (-0.99 to -0.70 V) is the co-deposition 





potential range whereby Pb and S will deposit simultaneously onto the 
working electrode. As the UPD potential applied within the co-deposition 
region is insufficient to result in bulk deposition of either Pb or S, there will be 
no deposition of Pb
2+
 on Pb or S
2-
 on S. Therefore, this leads to atom-by-atom 
growth of PbS occurs on the working electrode while the formation of PbS 
particles in the electrolyte is avoided as Pb
2+
 is complexed by EDTA. In the 
following sections, electrodeposition of PbS on TiO2 NTAs was performed 
within the co-deposition potential range at -0.75 V. 






































































Figure 4.10 Cyclic voltammograms recorded at 5 mV/s in deposition bath 
containing (a) 0.001 M Na2S and 0.1 M EDTA and (b) 0.01 M Pb(CH3COO)2, 
and 0.1 M EDTA. (c) Overlapped cyclic voltammograms depicting the co-
deposition potential range.  
 
4.4.2 Effect of Electrolyte pH 
Electrodeposition of PbS was carried out in a three-electrode configuration by 
using anatase TiO2 NTAs as the working electrode. An aqueous solution 
containing Na2S (0.001 M), Pb(CH3COO)2 (0.01M) and EDTA (0.1 M) was 





used as the deposition bath. The influence of pH on the electrodeposition of 
PbS was first investigated. The use of EDTA produces a slightly acidic 
electrolyte (pH ~4.2) while a neutral (pH ~7.3) and a slightly alkaline 
electrolyte (pH ~9.4) were obtained by adjusting the pH using ammonium 
hydroxide (NH4OH). Subsequently, the PbS/TiO2 nanocomposites prepared in 
electrolytes of different pH values were examined by using XRD and SEM. 
As observed in Figure 4.11, the various PbS/TiO2 nanocomposites exhibited 
XRD peaks at 2θ = 26.14, 30.24, 43.22 and 51.16 corresponding to {111}, 
{200}, {220} and {311} planes of cubic rock-salt structured PbS (JCPDS 78-
1056). Therefore, PbS was successfully deposited on TiO2 NTAs by applying 
an potential of -0.75 V within the co-deposition potential range. From the 
microscopic analysis (Figure 4.12), hexahedral PbS crystals ranging in size 
from ~100 to ~600 nm were deposited mainly at the tip of TiO2 nanotubes. 
Wang et al. reported that the morphology of a face-centered cubic crystal is 
mainly determined by the relative growth rate in the <100> direction and the 
<111> direction.
56
 Formation of cubic PbS crystal is favoured when the 
growth rate in the <111> direction is higher than that in the <100> direction. 
In our system, it is believed that the selective interaction between the EDTA 
and different crystallographic planes of PbS could reduce the growth rate 
along the <100> direction and/or enhance the growth rate along the <111> 
direction, leading to the cubic morphology observed. This similar shape 
directing effect of EDTA was also observed by Cao and coworkers.
57
 The 
amount of PbS deposits was the greatest for electrodeposition performed in the 
alkaline electrolyte and reduced as the pH of the electrolyte decreased. This 
was also indicated by the less prominent XRD patterns observed for PbS/TiO2 





nanocomposite prepared in the acidic electrolyte. The small amount of PbS 
deposits may be ascribed to interference from the reduction of TiO2 during 
electrodeposition. Reduction of TiO2 is strongly dependent on the pH of 
electrolyte as proton (H
+
) intercalation must occur for charge compensation as 







 ⇌ Ti3+H+                                                        (4.4) 
Although the standard reduction potential of TiO2 at neutral pH is -0.95 V, 
reduction of TiO2 can occur faster and easier in the presence of more protons 
in the acidic electrolyte.
58
 Therefore, a slightly alkaline electrolyte (pH ~9.4) 
was used in our subsequent work for the efficient electrodeposition of PbS. 



























Figure 4.11 XRD patterns of PbS/TiO2 nanocomposites prepared in 
electrolytes with different pH values 4.2 (red), 7.3 (black), and 9.4 (blue) for 1 
hour. 
 










Figure 4.12 SEM images of PbS/TiO2 nanocomposites prepared in 
electrolytes with different pH values (a) 4.2, (b) 7.3, and (c) 9.4 for 1 hour. 
 
4.4.3 Effect of Deposition Duration  
Electrodeposition of PbS onto anatase TiO2 NTAs was performed in the 
presence of 1-thioglycerol (TG) at varying durations to examine the growth 
mechanism of PbS crystals. In Figure 4.13, the size of PbS deposits expectedly 
increased from ~80 to ~160 nm due to continuous growth of the PbS crystals 
when the deposition duration increased from 5 minutes to 1 hour. This 
microscopic analysis agrees well with the XRD measurements of PbS/TiO2 
nanocomposites as shown in Figure 4.14. As the deposition times increased, 
the XRD peaks arising from the cubic phase PbS crystals became narrower 
and sharper, suggesting an increase in the crystallite size of PbS deposits. 
Interestingly, the number of PbS crystals i.e. the deposition coverage, 
increased significantly with increasing deposition duration. A similar trend 





was also observed when no TG was added. Therefore, the growth mechanism 
probably involves the diffusion of PbS monomers along the surface of TiO2 
until a stable nucleus is formed due to the weak interaction between PbS 
monomers and TiO2 surface. As the deposition time proceeds, the PbS 
monomers are utilized mostly in forming new nuclei rather than supporting the 
growth of existing ones. As a result, the deposition coverage on the TiO2 
NTAs increases rapidly with time, yet the crystal size changes little. 
Nevertheless, more studies are required to validate this hypothesized growth 
mechanism. In addition, electrodeposition of PbS nanocubes initiated from the 
tip of the TiO2 NTAs and more PbS crystals are located at the top of the NTAs. 
This is because electric field effect is the strongest at the tip of the TiO2 
nanotubes. 
 
Comparing Figure 4.12(c) and 4.13(d), the size of PbS deposits decreased by 
approximately five times in the presence of TG while all other experimental 
conditions remained the same. More importantly, the size distribution of PbS 
crystals became narrower when TG was used as capping agent as depicted in 
Figure 4.13. On the other hand, TG does not change the morphology of PbS 
deposits and hexahedral PbS crystals are still deposited. This may be due to 
the relative low concentration of TG (0.01 M) with respect to that of EDTA 
(0.1 M) used. Therefore, the overall morphology of PbS crystals is still 
directed by EDTA while TG prevents the continued coalescence of PbS 
monomers to form bigger PbS crystals and improves the size distribution of 
the PbS crystals.  









Figure 4.13 SEM images of PbS/TiO2 nanocomposite prepared in basic 
electrolyte at -0.75 V in the presence of capping agent, 1-thioglycerol, for (a) 5 
minutes, (b) 15 minutes, (c) 30 minutes and (d) 1 hour. 
 





























Figure 4.14 XRD pattern of PbS/TiO2 nanocomposite prepared in basic 
electrolyte at -0.75 V in the presence of capping agent, 1-thioglycerol, for 5 
minutes (black), 15 minutes (red), 30 minutes (blue) and 1 hour (purple). 
 





4.4.4 Photocatalytic Activity of PbS/TiO2 Nanocomposites 
Figure 4.15 compares the change in relative concentration of aqueous MB 
solution as a function of irradiation duration in the presence of various 
PbS/TiO2 nanocomposites (samples are denoted as PbS/TiO2-n, where n 
represents the deposition duration in minutes). The photocatalytic performance 
of PbS/TiO2 nanocomposites decreased with increasing deposition time. This 
is caused by the increased coverage of PbS crystals, which thus reduced the 
bare TiO2 surface available for adsorption and degradation of MB. Although 
the photodegradation efficiency of PbS/TiO2-5 sample is slightly better than 
that of pure TiO2 NTAs, this result does not indicate that the deposited PbS 
crystals bring about sensitization of TiO2 and enhance the photoactivity of 
TiO2. From the microscopic analysis and XRD spectrum, the size of PbS 
crystals deposited for five minutes is much bigger than the exciton Bohr radius 
of PbS (18 nm).
59
 Therefore, these crystals are not quantum confined and do 
not have favourable band alignments with TiO2 for effective charge transfer 
and separation.  





















Figure 4.15 Change in relative concentration of aqueous methylene blue 
solution with solar irradiation time in the presence of TiO2 NTAs and 
PbS/TiO2 nanocomposites prepared at different deposition durations. 
 
4.5 Summary 
Highly ordered TiO2 NTAs can be readily prepared by electrochemical 
anodization of Ti foil. The applied anodization potential plays an important 
role in controlling both the inner diameter and length of TiO2 NTAs. 
Calcination temperatures exhibit a great influence on the polymorph 
composition, morphology and absorption profile of the TiO2 NTAs, which in 
turn determine their photocatalytic activity. The best photocatalytic 
degradation performance is displayed by TiO2 NTAs calcined at 450 
o
C. Next, 
rock-salt PbS crystals were successfully electrodeposited onto TiO2 NTAs in 
an slightly alkaline deposition bath at -0.75V.  The cubic morphology of PbS 
crystals is largely determined by EDTA that plays a role in controlling the 
relative growth rate in the <100> and the <111> direction. As the deposition 





times increases, more PbS crystals form while the old ones do not grow much. 
Based on this observation, a growth mechanism for the electrodeposition of 
PbS crystals was proposed. The size distribution of PbS crystals is also 
improved by using TG as a capping agent during the electrodeposition. 
Overall, the large PbS crystals decorated on TiO2 NTAs do not enhance the 
photocatalytic activity of TiO2. Further improvements on the PbS/TiO2 
nanocomposite are needed to ensure sufficient coverage of PbS particles on 
the TiO2 NTs surface while ensuring the size of deposited PbS is in the 
quantum confinement regime. 
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Chemical Bath Deposition of CdS Nanocrystals on TiO2 
Nanoparticles for Enhanced Photocatalytic Hydrogen 
Production 
 
With the depletion of fossil fuels and increasing environmental degradation, 
an alternative energy source that is both renewable and pollution-free is 
urgently needed in order to meet the growing world energy demand.
1, 2
 
Hydrogen is one potential alternative fuel because it is a clean energy source 
with high energy density.
3, 4
 The prevalent method of hydrogen production is 
steam reforming of natural gas, but this still consumes non-renewable 
resources.
5
 Several sustainable sources of hydrogen from biomass have been 
proposed as alternatives. However, the economic efficiency of using biomass 
sources remains questionable.
6
 With the abundance of water on Earth, direct 
splitting of water can be the most desirable technique to produce hydrogen. In 
the past few decades, hydrogen production by splitting water using 
photocatalysts have attracted much attention as this is considered to be a low 





The principle of photocatalytic water decomposition is based on the generation 
of charged species resulting from the exposure of the photocatalyst to 
sunlight.
10
 When a semiconductor photocatalyst absorbs photons containing 
energy larger than its band gap, electrons are excited from the valence band to 
conduction band. This results in the formation of coulombically bounded 




electron-hole pairs known as excitons. Subsequently, the photogenerated holes 
(h
+
) split water molecules into oxygen gas and hydrogen ions (Equation 5.1). 
Simultaneously, the photogenerated electrons (e
-
) reduce hydrogen ions to 
hydrogen gas (Equation 5.2). 
H2O (l) + 2h
+
 → ½ O2 (g) + 2H
+





 → H2 (g)                                         (5.2) 
The decomposition of water is an uphill reaction, as it has a standard Gibbs 
free energy change (∆G) of 237 kJ mol-1 as shown below: 
H2O (l) ↔ ½ O2 (g) + H2 (g) ; ∆G = +237 kJ mol
-1
                (5.3) 
In addition to the requirement of suitable band gap, the edges of the 
conduction and valence bands of the semiconductor photocatalyst must also be 
suitable for the energetics of the process. The bottom edge of the conduction 
band must be more negative than the redox potential of H
+
/H2 (0 V vs. NHE), 
whilst the top edge of the valence band must be more positive than the redox 
potential of O2/H2O (1.23 V vs. NHE). Hence, the theoretical minimum band 
gap for water splitting is 1.23 eV, which corresponds to photon energy of 
about 1100 nm.
11
 Figure 5.1 shows the three main processes in photocatalytic 
water splitting. 
 
Figure 5.1 Processes in photocatalytic water splitting. (Reproduced with 
permission from ref. [12]). 











 have been extensively studied for the 
photocatalytic hydrogen production. However, most semiconductor metal 
oxides possess a wide band gap and absorb ultraviolet (UV) light that merely 
accounts for ~ 4% of the solar radiation. Therefore, the development of a 
photocatalyst with visible light activity is vital for highly efficient 
photocatalytic hydrogen production. To address this issue, one approach is to 
decorate these metal oxides with small band gap semiconductor nanocrystals 















 were successfully coupled with TiO2 to improve its light harvesting 
capability and photoactivity.
22
 These small band gap semiconductor NCs with 
large extinction coefficient strongly absorb visible light and sensitize the 
TiO2.
23, 24
 In order to ensure efficient transfer of photogenerated electrons 
from the conduction band of semiconductor NCs to the conduction band of 
TiO2, a favourable interfacial interaction between them is important. To date, 
coupled semiconductor NCs/TiO2 nanocomposites have been prepared by two 
main methods: (1) bifunctional linker coupling, in which pre-synthesized 
semiconductor NCs are anchored onto the TiO2 surface through bifunctional 
molecular linkers that have functional groups such as thiol and carboxyl;
25, 26
 
(2) direct deposition of semiconductor NCs on the surface of TiO2.
27, 28
 The 
former method allows more effective use of the surface area of TiO2 as one 
end of the molecular linker, the thiol group, binds to the surface of the 
semiconductor NCs while the other end i.e. the carboxyl functional group 




adheres firmly to the surface of TiO2. However, it is important to note that the 
electronic transport properties of most molecular linkers are usually poor, with 
the exception of conjugated molecules.
29
 In the latter method, in situ growth of 
semiconductor NCs on TiO2 can be achieved by either chemical bath 
deposition (CBD)
30
 or electrochemical deposition.
31
 One major drawback in 
direct deposition methods is the difficulty in controlling the size and 
deposition coverage of the semiconductor NCs.
18, 26, 30
 Consequently, the size 
dependent properties of these semiconductor NCs cannot be fully exploited. 
Therefore, it is of interest to develop new direct deposition methods that allow 
more control over the deposition. In this Chapter, we explored the CBD of 
CdS NCs onto TiO2 nanoparticles by adapting a colloidal synthetic method 
previously reported by our group.
32
 Although CdS NCs absorb limited visible 
spectrum of the solar radiation when compared to other metal chalcogenides 
NCs such as CdSe and CdTe, the relatively high abundance of sulfur in the 
Earth’s crust makes CdS a sustainable light harvester and sensitizer for TiO2. 
Subsequently, the photocatalytic hydrogen production performances of the 
prepared CdS/TiO2 nanocomposites were investigated. Compared to pure TiO2 
nanoparticles, the CdS/TiO2 nanocomposites were found to exhibit 
significantly higher activity for photocatalytic hydrogen production. 
 
5.1 Effect of Molar Ratio of Capping Agent/CdS Molecular Precursor  
CdS/TiO2 nanocomposites are prepared by refluxing an air-stable CdS 
molecular precursor (CMP), [(2,2’-bpy)Cd(SC{O}Ph)2], with TiO2 
nanoparticles in a basic aqueous medium containing 1-thioglycerol (TG) as the 
capping agent under inert atmosphere. Details of the experimental procedure 




have been given in Chapter 2. First, the feed molar ratio between the capping 
agent TG and CMP is varied and its effect on the CdS/TiO2 nanocomposites is 
examined by UV/Vis absorption spectroscopy, TEM and EDX in the 
following sub-sections.  
 
5.1.1 Diffuse Reflectance of the Nanocomposites 
The UV/Vis absorption profile of pure TiO2 and CdS/TiO2 nanocomposites 
prepared with varying feed molar ratio of TG:CMP (samples denoted as 
TG/CMP-n, where n represents the molar ratio) were studied using UV/Vis 
diffuse reflectance spectroscopy and expressed in Kubelka-Munk units (FR) as 
shown in Figure 5.2. Pure TiO2 absorbed strongly in the UV regime with an 
absorption onset at ~410 nm. In general, a significant shift in the absorption 
profile to longer wavelengths was observed for the CdS/TiO2 nanocomposites. 
This indicates the apparent enhancement of visible light absorption 
contributed by the CdS NCs deposited. With increasing amount of TG used, 
the absorption onsets corresponding to CdS NCs shifted to shorter 
wavelengths and the first excitonic absorption peak of CdS became more 
defined. This probably results from the formation of smaller CdS NCs with a 
narrower size distribution when larger amount of capping agent is used during 
the deposition process. In addition, the decreasing relative absorbance of CdS 
NCs may suggest lesser CdS deposits on TiO2 nanoparticles with increasing 
amount of capping agent used. 


























Figure 5.2 UV/Vis Diffuse reflectance spectra of pure TiO2 nanoparticles and 
the various TG/CMP-n samples. The Kubelka-Munk unit is used, FR = (1 – 
R)
2
/2R, where R is the reflectance.  
 
5.1.2 Morphology of the Nanocomposites 
Figure 5.3 shows typical TEM images of pure TiO2 nanoparticles and the 
TG/CMP-n samples. The average size of TiO2 nanoparticles is estimated to be 
~23 ± 4 nm. The deposited CdS NCs appeared as spherical nanoparticles on 
the smooth surface of TiO2. A typical HRTEM image of TG/CMP-12.5 
(Figure 3g) presents clear crystal lattice fringes with interlayer spacings of 
0.34 nm and 0.35 nm that correspond respectively to the lattice spacing of the 
{100} plane of CdS and that of the {101} plane of TiO2. This suggests that 
CdS NCs grew directly on the surface of TiO2 during the deposition process. 
With increasing feed molar ratio of TG:CMP, both the surface coverage and 
size of CdS NCs deposited on TiO2 decreased (Table 5.1). It is likely that 
larger amount of capping agent allows the unstable CdS monomers to exist for 
longer time prior to self-nucleation and growth. Hence, nucleation and growth 




of CdS monomers on the surface of TiO2 are prevented when excessive 






Figure 5.3 Typical TEM images of (a) pure TiO2 nanoparticles, (b) TG/CMP-
0, (c) TG/CMP-1.25, (d) TG/CMP-12.5, (e) TG/CMP-25 and (f) TG/CMP-50 
samples. (g) Typical HRTEM image of TG/CMP-12.5 sample.  




Table 5.1 Effect of Molar Ratio of TG/CMP on the Physical Properties and 






















TG/CMP-0 0:1 6.2 ± 0.7 11:1 0.214 
TG/CMP-1.25 1.25:1 4.5 ± 0.7 13:1 0.096 
TG/CMP-12.5 12.5:1 3.9 ± 0.5 21:1 0.664 
TG/CMP-25 25:1 3.6 ± 0.5 28:1 0.369 
TG/CMP-50 50:1 
3.6 ± 0.5  
(n = 50) 
39:1 0.285 
TiO2 - - 1:0 0.027 
^Measured from TEM images. Sample size (n) is 100 unless otherwise stated. 
*Determined from EDX analysis. 
 
5.1.3 Photocatalytic Hydrogen Production 
Photocatalytic hydrogen production experiment was carried out in an external 
irradiation-type photoreactor (Pyrex cell) connected to a closed gas circulation 
system. In the photoreactor, 50 mg of pure TiO2 nanoparticles or the 
TG/CMP-n samples was dispersed in an aqueous solution comprising 
deionised water (70 mL) and methanol (30 mL) as the sacrificial reagent. 
Argon was purged through the entire setup to remove oxygen for 30 minutes 
before the photocatalytic reaction. During the experiment, the temperature of 
the photoreactor was maintained at room temperature with the aid of a water 
bath and the photocatalyst mixture was continuously stirred by using a 
magnetic stirrer. The photocatalyst was irradiated with a 300 W xenon lamp. 
The amount of hydrogen produced was analyzed with an online gas 




chromatograph (Shimadzu GC-2010 Plus, Barrier Discharge Ionization 
detector). Helium was used as the carrier gas and the separation of different 
gases, i.e. hydrogen, oxygen and nitrogen, was achieved with a molecular 
sieve column (30 m x 0.53 mm x 0.75 mm) (VP-Molesieve). Figure 5.4 shows 
the time courses of hydrogen production by the different photocatalysts. For 
quantitative comparison of hydrogen production performance, specific 
hydrogen production rate is determined from the gradient of these plots. Pure 
TiO2 nanoparticles showed limited photoactivity for hydrogen production as 
TiO2 mainly absorbs UV light. As shown in Table 5.1, the TG/CMP-n samples 
exhibited substantially higher specific hydrogen production rates relative to 
pure TiO2. Particularly, the specific hydrogen production rate of TG/CMP-
12.5 sample is ~25 times that of pure TiO2 nanoparticles. This enhanced 
photocatalytic performance is mainly caused by the improved light-harvesting 
capability and improved separation of photogenerated charges arising from the 
coupled CdS/TiO2 semiconductors system. It is interesting to note that the 
photocatalytic hydrogen production efficiency first increased and eventually 
decreased with increasing feed ratio of TG:CMP, with TG/CMP-12.5 sample 
exhibited the highest efficiency. When the feed ratio of TG:CMP is 12.5, the 
balance between size and deposition coverage of CdS NCs formed in the 
CdS/TiO2 nanocomposite is most optimal for highest photocatalytic activity. 
As discussed above, self-nucleation and growth of CdS monomers are 
promoted when excessive amount of TG is used. This led to inadequate 
deposition of CdS onto TiO2 nanoparticles and reduced absorption of visible 
light by the CdS/TiO2 nanocomposites. Hence, this led to a fall in specific 




hydrogen production rate at high feed molar ratio such as the TG/CMP-25 and 
TG/CMP-50 samples. 











































Figure 5.4 Time evolution of photocatalytic hydrogen production over pure 
TiO2 nanoparticles and the various TG/CMP-n samples. 
 
5.2 Effect of Molar Ratio of TiO2/CdS Molecular Precursor  
Next, a series of CdS/TiO2 nanocomposites with varying amounts of deposited 
CdS NCs is studied. In Section 5.1, we have established that feed ratio of 
TG:CMP = 12.5 is the optimum for the size of CdS NCs produced, deposition 
coverage as well as hydrogen production efficiency of the nanocomposites. 
Thus, in this section, we vary the feed ratios between the TiO2 nanoparticles 
and CMP by keeping the TG:CMP molar ratio constant at 12.5. The CdS/TiO2 
nanocomposites prepared are characterized by using UV/Vis absorption 
spectroscopy, TEM and EDX. Subsequently, the effect of CdS loading content 
on the photocatalytic hydrogen production rate is investigated comparatively.  




5.2.1 Diffuse Reflectance of the Nanocomposites  
Figure 5.5 depicts the UV/Vis absorption profile of the CdS/TiO2 
nanocomposites prepared in different molar ratios of TiO2:CMP (samples 
denoted as TD/CMP-n, where n represents the molar ratio). Relatively higher 
absorption in the visible region clearly indicates the presence of more 
deposited CdS NCs as the amount of CMP was increased. It is important to 
note that the first excitonic absorption peak and absorption onset of CdS NCs 
remained at ~405 nm and ~500 nm respectively for all the TD/CMP-n samples. 
This strongly suggests that the deposited CdS NCs had rather similar particle 
size and size distribution due to the fixed molar ratio of TG:CMP used in the 
deposition.  




















Figure 5.5 UV/Vis Diffuse reflectance spectra of pure TiO2 nanoparticles and 
the various TD/CMP-n samples. The Kubelka-Munk unit is used, FR = (1 – 
R)
2
/2R, where R is the reflectance. 
 
5.2.2 Morphology of the Nanocomposites 
The average sizes and coverage of CdS NCs deposited on TD/CMP-n samples 




were examined using TEM as shown in Figure 5.6. It was found that the 
average size of CdS NCs was similarly ~4 nm for all TD/CMP-n samples. On 
the other hand, the number or coverage of CdS NCs deposited increased when 
the molar ratio of TD:CMP decreased as shown by EDX analysis in Table 5.2. 
As expected, the amount of CdS NCs deposited on TiO2 nanoparticles is 
directly proportional to the amount of CMP used. Most importantly, we 
observed no change in the average size of CdS NCs deposited with increasing 
amount of CMP, as the feed ratio of capping agent and CMP was kept constant. 
A common challenge facing in situ CBD of semiconductor NCs onto a 
substrate is the lack of control in both the size and coverage of the NCs 
deposited. This is because in most CBD, these NCs are typically grown 
directly on the substrate in aqueous solution comprising two or more precursor 
salts and there is a lack of compatible capping agent to control their growth. 
Here, we have demonstrated that both the size and coverage of CdS NCs 
deposited on TiO2 nanoparticles can be controlled in our preparation. This was 
achieved by refluxing CMP together with TiO2 nanoparticles in the presence 
of a water-soluble capping agent. We proposed that this controlled deposition 
is attributed to the gradual decomposition of the molecular precursor, which 
provides a continuous supply of CdS monomers, and the presence of capping 
agent, which impedes diffusion through the interfacial boundaries for 
coalescence of CdS monomers to occur. 








Figure 5.6 Typical TEM images of the various TD/CMP-n samples. 
 
Table 5.2 Effect of Molar Ratio of TD/CMP on the Physical Properties and 

























3.8 ± 0.5 
(n = 50) 
71:1 0.395 
TD/CMP-12.5 12.5:1 
3.9 ± 0.4 
(n = 50) 
47:1 0.560 
TD/CMP-6.25 6.25:1 3.9 ± 0.5 21:1 0.664, (0.285) 
TD/CMP-2.5 2.5:1 3.8 ± 0.8 9:1 0.503 
TiO2 - (0.015) 
^Measured from TEM images. Sample size (n) is 100 unless otherwise stated. 
*Determined from EDX analysis. 
#
Values in brackets are determined under visible light irradiation with a UV 
filter that cut off radiation at wavelength shorter than 400 nm. 
 




5.2.3 Photocatalytic Hydrogen Production 
Photocatalytic hydrogen production efficiencies of the various TD/CMP-n 
samples are presented in Figure 5.7 and Table 5.2. The hydrogen production 
activity initially increased and subsequently decreased with increasing amount 
of CMP used. The initial improvement of photocatalytic activity is mainly 
attributed to the enhanced light-harvesting capability of the CdS/TiO2 
nanocomposites as more CdS NCs are deposited. However, when the amount 
of CdS deposited is excessive, e.g. TD/CMP-2.5 sample, available active sites 
on the TiO2 surface is significantly reduced. This retarded the reduction of 
protons to hydrogen and the specific hydrogen production rate for TD/CMP-
2.5 sample was the lowest (Table 5.2). TD/CMP-6.25 sample showed the 




 and thus it 
has the most optimum surface coverage of CdS NCs for photocatalytic 
hydrogen production.  
 
In order to examine the visible light activity induced by CdS NCs, we 
compared the hydrogen production efficiencies of pure TiO2 nanoparticles and 
TD/CMP-6.25 sample under visible light irradiation. The study was performed 
with a UV filter that only allows radiation with wavelength longer than 400 
nm to reach the photocatalysts. As indicated in Table 5.2, the specific 
hydrogen production rate of pure TiO2 under visible light irradiation was very 




). This is expected since TiO2 has very limited 
absorptivity for visible light. On the other hand, the activity of TD/CMP-6.25 
sample under visible light irradiation was about 43% of that under the full 
spectrum of the xenon lamp. Comparing the specific hydrogen production rate 




of pure TiO2 and TD/CMP-6.25 sample under full spectrum irradiation, the 
photocatalytic activity has been enhanced by as much as 25 times. Given the 
negligible photoactivity of TiO2 under visible light irradiation, nearly 50% of 
this enhancement can be attributed to the absorption of visible light by CdS 
NCs. 












TD/CMP-6.25 under visible light





























Figure 5.7 Time evolution of photocatalytic hydrogen production over the 
various TG/CMP-n samples irradiated with the full spectrum of xenon lamp 
and with visible light irradiation (λ > 400 nm). 
 
5.3. Summary 
In summary, CdS/TiO2 nanocomposites were prepared by a simple and green 
CBD method in which both the size and coverage of CdS NCs deposited on 
TiO2 nanoparticles can be controlled. When the feed ratio between the capping 
agent (TG) and CdS molecular precursor (CMP) increases, both the size and 
surface coverage of CdS deposits decrease. Moreover, in situ growth of CdS 
NCs on TiO2 nanoparticles is ineffective when excessive amount of TG is 




used. By decreasing the feed ratio between TiO2 nanoparticles and CdS 
precursor while keeping the feed ratio of TG:CMP constant, the deposition 
coverage of CdS NCs increases without changing their particle size. The most 
optimal feed molar ratio of TiO2/CMP is found to be 6.25:1 and the 
corresponding specific hydrogen production rate of the CdS/TiO2 




, which exceeds that of the 
pure TiO2 nanoparticles by ~25 times. This enhanced hydrogen production 
activity is mainly caused by the improved light-harvesting capability arising 
from the CdS NCs deposited.  
 
Overall, the methodology developed in this work may be extended to deposit 
CdS NCs on other metal oxide nanoparticles such as ZnO and CeO2 designed 
for other light-harvesting applications such as solar cells. Furthermore, 
preparation of other molecular precursors for metal sulfides such as PbS and 
MoS2 can be explored. Due to their small band gap and relative band energy 
levels with respect to that of TiO2, these near-infrared (NIR) absorbing 
semiconductor NCs are potential sensitizers for TiO2 and thus CBD of these 
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Sensitization of TiO2 by Successive Ionic Layer Adsorption and 
Reaction Deposition of Copper Indium Disulfide for 
Photovoltaic Application 
 
Photovoltaic cells development started off with the first generation silicon-
based solar cells.
1
 These solar cells have been known to yield high efficiency, 
with 25% being the highest as of 2014.
2
 However, their production and 
installation incur high cost and this drives the development of second 
generation solar cells comprising thin polycrystalline semiconductor films like 
cadmium telluride (CdTe), copper indium diselenide (CuInSe2) and copper 
indium gallium diselenide (CuInGaSe2).
3,4
 One of the highest reported 
efficiency for CuInGaSe thin film solar cell is 20% but the performance still 
cannot match up with that of the first generation. In order to achieve higher 
photovoltaic efficiency and viable production cost, third generation solar cells 
are being intensively studied. Among them is the semiconductor sensitized 
solar cells (SSSCs) that explore the use of small band gap semiconductor 
nanocrystals (NCs) to bring about sensitization of large band gap 









exhibit several advantages with respect to 
conventional organic dye sensitizers for the large band gap metal oxides. 
Firstly, the band gap of semiconductor NCs can be tuned by controlling their 
size and hence their absorption spectra can be modified to match the spectral 
distribution of sunlight. Secondly, semiconductor NCs have large molar 
extinction coefﬁcients due to quantum conﬁnement effect.9 Thirdly, they have 




large intrinsic dipole moments, which may lead to rapid charge separation.
10
 
Finally, a unique capability of semiconductor NCs based solar cells is the 
production of quantum yields greater than unity due to multiple exciton 





To function as a sensitizer, the conduction band of the semiconductor NCs has 
to be positioned higher in energy than that of the semiconducting metal oxide. 
Under irradiation with sunlight, electron-hole pairs (excitons) are formed in 
the semiconductor NCs. Due to difference in the conduction band energy 
levels, photogenerated electrons in the semiconductor NCs will be injected 
into the conduction band of the semiconducting metal oxide, providing it with 
more charge carriers for current induction. Then, the oxidized sensitizer will 
be regenerated by receiving electrons from the redox couple of liquid 
electrolyte. Lastly, regeneration of the redox system takes place at the 
platinum (Pt) counter electrode. This whole process is depicted in the scheme 


















Much of the research work on SSSCs reported on toxic heavy-metals such as 
cadmium or lead containing II-VI semiconductor NCs as the sensitizer. 
Therefore, the absorption profile of these SSSCs mainly lies in the UV and 
visible range of the solar radiation. Recently, ternary chalcopyrite CuME2 (M 
= Ga, In; E= S, Se, Te) have emerged as attractive alternatives to II-VI 
semiconductors as heavy-metal free sensitizers.
14, 15
 These I-III-VI ternary 
semiconductor NCs are of particular interest because they are direct band gap 




) in the visible to 
near-infrared region of sunlight. Among them, copper indium disulfide 
(CuInS2, CIS) is a promising candidate for photovoltaic applications owning 
to its high absorption coefficient and direct band gap of ~ 1.53 eV, which 
matches well with the solar spectrum. Moreover, CIS has been proven to be a 




In the development of SSSCs, sensitization of semiconducting metal oxide 
film with smaller band gap semiconductor NCs in the photoanode can be 
performed mainly through two distinct approaches. In one approach, 
semiconductor NCs are grown directly on the metal oxide surfaces using 
chemical bath deposition (CBD) methods or successive ionic layer adsorption 
and reaction (SILAR) methods.
6, 17
 An alternative approach is based on a two-
step process, whereby semiconductor NCs are first synthesized using 
established colloidal synthesis methods and subsequently attached to the metal 
oxide surfaces through linker molecules or other attractive forces.
18, 19
 The 
colloidal synthesis of semiconductor NCs in the latter approach allows good 
control over their particle size. However, this approach suffers from poor 




loading of semiconductor NCs and inefficient interfacial electron transfer 
between the light absorbing sensitizer and electron conducting metal oxide due 
to the presence of insulating organic molecules at the interface of NCs. In 
contrast, the former approach has limited control over the NC size but this 
method ensures a direct contact and stronger electronic coupling between the 
sensitizer and metal oxide. 
 
SILAR method, as introduced in Chapter 1, has been applied for a long time to 
deposit metal chalcogenides on top of various substrates. It is a simple and 
inexpensive way to prepare semiconductor sensitizers on metal oxides thin 
films.
20
 In this chapter, direct growth of CIS NCs on mesoporous TiO2 
nanoparticles layered on FTO coated glass using SILAR method is 
investigated. The deposition process is first optimized by studying two types 
of copper (I) (Cu
+
) precursors. Subsequently, the as-prepared CIS/TiO2 
photoanode is annealed in sulfur vapor at different temperatures to promote 
the crystallization of CIS. The composition and identity of CIS deposits on the 
mesoporous TiO2 film are examined by Raman spectroscopy, grazing 
incidence XRD (GIXRD) and UV/Vis absorption spectroscopy. Subsequently, 
the photoactivity of CIS/TiO2 photoanodes prepared by using various number 
of SILAR cycles is characterized by transient absorption and 
photoelectrochemical measurements.  
 
6.1 SILAR Deposition of CIS NCs  
CIS NCs are deposited onto mesoporous TiO2 film via SILAR method by 
immersing the mesoporous TiO2 film screen-printed on FTO coated glass 




substrate in the various precursor solutions for different durations followed by 
rinsing off the loosely bound ionic species in a bath of deionized (D.I) water. 
The steps are depicted schematically in Figure 6.2 and more details of the 
deposition procedure have been given in Chapter 2. Various parameters such 
as the types of copper (I) precursor used, the annealing temperatures in sulfur 















Figure 6.2 Flow diagram of CIS SILAR deposition onto TiO2/FTO glass 
substrate. 
 
6.1.1 Types of Copper (I) Precursor 
Two types of Cu (I) precursors are investigated for the deposition of CIS NCs 
on mesoporous TiO2 film. The first source of Cu
+
 ions is directly from the 
dissolution of CuCl salt while the second source is from the dissociation of 
thiosulfatocuprate(I) complex ions, [Cu(S2O3)]
-
. Qiu et al. reported the 
preparation of a stable and water-soluble Cu (I) complex by mixing copper (II) 




sulfate (CuSO4) and sodium thiosulfate (Na2S2O3).
21
 As shown in Equation 6.1, 
Cu
2+
 ions react with S2O3
2-





 ions are formed by the dissociation of 
[Cu(S2O3)]
- 









                        (6.1) 
 [Cu(S2O3)]
-
 ↔ Cu+ + S2O3
2-
                                      (6.2) 
Figure 6.3 compares the absorption spectra of CIS/TiO2 photoanodes after five 
cycles of CIS deposition using CuCl (orange curve) and [Cu(S2O3)]
- 
(blue 
curve) precursor solutions. The absorption onsets of CIS deposits prepared 
using CuCl and [Cu(S2O3)]
- 
precursors are approximately 610 nm and 760 nm 
respectively. This suggests that the particle size of CIS deposits is smaller 
when CuCl precursor is used when all other deposition conditions were kept 
constant. The orange curve exhibits two other absorption features: a small 
shoulder at ~410 nm and a broad band at ~1200 nm. The smaller shoulder is 
likely to be associated with the presence of In2S3 deposits. On the other hand, 
the broad IR band can be attributed to the localized surface plasmon resonance 
of Cu2-xS arising from a large number of Cu vacancies.
22
 The formation of 
Cu2-xS deposits is also evidenced by the emergence of a distinct Cu2-xS peak at 
474 cm
-1 
in the Raman spectra (Figure 6.4).
23
 These findings suggest that CuCl 
is an unstable Cu (I) precursor that results in the deposition of In2S3, Cu2-xS 




. As indicated in 
both the absorption and Raman spectra, minimal amount of Cu2-xS was also 
deposited when [Cu(S2O3)]
- 
precursor was used. Nevertheless, we have chosen 
to use [Cu(S2O3)]
- 
complex ion in the following sections as it is relatively 
more stable. 






















 as Cu(I) precursor
















Figure 6.3 Absorption spectra of CIS/TiO2 photoanodes prepared by using 
CuCl precursor (orange) and [Cu(S2O3)]
- 
complex ion precursor (blue) after 5 
SILAR cycles.  
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Figure 6.4 Raman spectra of CIS/TiO2 photoanodes prepared by using CuCl 
precursor (orange) and [Cu(S2O3)]
- 
complex ion precursor (blue) after 5 
SILAR cycles. 
 




6.1.2 Effect of Annealing Temperature 
After five cycles of CIS deposition, the as-prepared CIS/TiO2 photoanodes are 
post-treated by annealing in sulfur vapor at various temperatures to enhance 
the crystallization of CIS deposits. Figure 6.5 illustrates the absorption spectra 
of CIS NCs deposited on mesoporous TiO2 thin film before and after the post-
treatments at different annealing temperatures. The broad IR absorption band 
arising from Cu2-xS deposits diminished after annealing and this is likely due 
to the conversion of Cu2-xS to CIS. At higher annealing temperatures, the CIS 
deposits coalescence to form larger NCs and hence, the absorption onset of 
CIS NCs shifted to longer wavelength.  
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Figure 6.5 Absorption spectra of CIS/TiO2 photoanodes with 5 CIS deposition 
cycles before and after annealing in sulfur vapor at different temperatures for 
30 minutes. 
 
This is further supported by the grazing incidence X-ray diffraction (GIXRD) 
patterns of the CIS/TiO2 photoanodes before and after post-treatments as 
shown in Figure 6.6. Prior to annealing, the XRD peaks were mostly attributed 




to the mesoporous TiO2 (JCPDS File no. 84-1285) and FTO-coated glass 
(JCPDS File no. 77-0452). More prominent XRD patterns attributing to 
tetragonal CIS (JCPDS File no. 38-0777) were observed when the annealing 
temperature was increased from 300 to 500 
o
C. Due to the small size of the 
CIS crystallites, the XRD peaks were considerably broadened. 
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Figure 6.6 GIXRD of CIS/TiO2 photoanodes with 5 cycles of CIS deposition 
before and after annealing in sulfur vapor at different temperatures for 30 
minutes. 
 
Connor et al. reported a three-step growth mechanism of CIS NCs: from the 
initial nucleation of Cu2S nanoparticles to the formation of biphasic Cu2S-CIS 
heterostructured NCs and the eventual conversion of biphasic Cu2S-CIS to 
monophasic CIS nanorods by interdiffusion of high mobility Cu ions and In 
ions between the heterostructures.
24
 They also suggested that this growth 
mechanism has to overcome an energy barrier due to the slight lattice 
distortion between Cu2S and CIS and that occurs readily at temperatures above 
250 oC. With reference to this reported growth mechanism, thermal annealing 




of the as-prepared CIS/TiO2 photoanodes in sulfur vapor allows the 
conversion of any Cu2-xS and In2S3 deposits to CIS NCs. It is expected that 
binary chalcogenides Cu2-xS and In2S3 would form more readily than the 
ternary chalcopyrite CIS during SILAR deposition in the absence of 
complexing agents such as hydrazine monohydrate (HH) and 2,2’,2”-
nitrilotriethanol (TEA).
25,26
   
 
6.2 Number of SILAR Cycles 
As mentioned earlier, the particle size of deposits can be tuned by the number 
of SILAR cycles. In this section, we compared CIS/TiO2 photoanodes 
prepared by different cycles of CIS deposition and subsequently, annealed in 
sulfur vapor at 500 
o
C. Their optical properties were examined with both static 
and dynamic absorption spectroscopy, while their photoactivities were briefly 
compared by measuring the various solar cell parameters.  
 
6.2.1 Linear Absorption Spectroscopy 
Figure 6.7 shows the absorption spectra of CIS/TiO2 photoanodes prepared by 
3 (3-CIS/TiO2), 5 (5-CIS/TiO2), 8 (8-CIS/TiO2) and 10 (10-CIS/TiO2) cycles 
of CIS deposition. The absence of distinct excitonic absorption peak, 
commonly observed for colloidal semiconductor NCs, suggests a broad size 
distribution of the SILAR deposited CIS NCs. With increasing number of 
SILAR cycles, the absorption onset of CIS NCs red-shifted and its absorbance 
also increased. These absorption features indicate an appreciable increase of 
the mean CIS particle size. Upon completion of 10 cycles of CIS deposition, 
the value of absorption onset is close to that expected for bulk CIS. Because 




CIS is a direct transition semiconductor, the direct band gap energy of the CIS 
deposits can be determined by plotting (αE)2 against photon energy (E = hν) as 
derived in the following equations
27
  
(αhν) = C(hv – Eg)
n
                                       (6.3) 
(αhν)2 = C’(hv – Eg)                                       (6.4) 
(αE)2 = C’(E – Eg)                                        (6.5) 
where α is the absorbance, h is the Plank’s constant, ν is the photon frequency, 
Eg is the band gap energy, C is a constant and n equals to ½ for direct 
transition. Based on Equation 6.5, the x-intercept of linear fit to the (αE)2 
against E plot will indicate the direct band gap energy (Eg). As shown in 
Figure 6.8, the band gap energies of CIS deposits prepared by different 
numbers of SILAR cycles varied from 2.2 to 1.6 eV and are larger than that of 
bulk CIS. This implies that the particle size of CIS NCs deposited by SILAR 
method is in the quantum confinement region.  






























Figure 6.7 Absorption spectra of CIS/TiO2 photoanodes prepared by various 
number of SILAR cycles: 3, 5, 8 and 10 after annealing in sulfur vapor at 500 
o
C. 


















Figure 6.8 Plots of (αE)2 v.s. photon energy (E) for CIS/TiO2 photoanodes 
prepared by various number of SILAR cycles: 3, 5, 8 and 10 after annealing in 




When the particle size of a spherical NC becomes commensurable with Bohr 
exciton radius, i.e. when quantum confinement becomes effective, the particle 
size dependence of band gap energy, E(R), can be given by the effective-mass 
approximation in Equation 6.6
28
  
         (6.6)  
where R is the particle radius, Eg is the bulk band gap (1.53 eV for CIS), ħ is 
the reduced Planck’s constant, me and mh are the effective masses of the 
electron and the hole respectively, e is the elementary charge, ε is the bulk 
dielectric constant and E
*







)). Table 6.1 shows the mean particle size of CIS deposits 
calculated based on the determined band gap energies (Figure 6.8) and 
Equation 6.6 using the bulk CIS values of ε = 11, me = 0.16m0 and mh = 1.3m0 
where m0 is the electron mass.
29
 It is important to note that the calculated 




mean particle size will be smaller than the actual mean particle size of the CIS 
deposits. This under-estimation can be ascribed to the inappropriate 
assumption of a parabolic energy band in the effective-mass approximation 
and the increasing effective mass with decreasing particle sizes.
30
 
Notwithstanding, we observed that increase in mean particle size of the CIS 
deposited, i.e. growth of CIS NCs, was most prominent for the initial SILAR 
cycles as exemplified in Figure 6.9. This can be caused by reduced surface 
charges on the mesoporous TiO2 film with increasing number of SILAR 
cycles and thus specific adsorption of ions becomes less effective. Therefore, 
precipitation and growth of CIS NCs onto TiO2 surface gradually decrease 
with increasing number of CIS deposition.  
 
Table 6.1 Effect of Number of SILAR Cycles on the Transient Absorption 


















3-CIS/TiO2 2.23 3.1 -0.99 3.4 0.18 
5-CIS/TiO2 1.88 4.4 -0.97 5.4 0.18 
8-CIS/TiO2 1.73 5.4 -0.96 12.2 0.22 
10-CIS/TiO2 1.66 5.8 -0.91 22.4 0.22 
^, * and 
#
 Fitted values based on Equation 6.7 and Figure 6.11. 
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Figure 6.9 Plot of calculated mean particle size of CIS NC against the number 
of CIS deposition cycles used. 
 
6.2.2 Transient Absorption Spectroscopy 
Transient absorption studies were performed on CIS/TiO2 photoanodes 
prepared by 3 (3-CIS/TiO2), 5 (5-CIS/TiO2), 8 (8-CIS/TiO2) and 10 (10-
CIS/TiO2) cycles of CIS deposition to observe the influence of the CIS 
deposition cycles on charge recombination kinetics. Following CIS excitation, 
an efficient electron injection from the CIS conduction band to the TiO2 
conduction band occurs on picosecond time scales.
31, 32
 The injected electron 
is trapped in the TiO2 nanoparticles and eventually recombines with the 
photogenerated hole in the CIS. 
 
Figure 6.10 shows the transient absorption spectra of CIS/TiO2 and CIS/SiO2 
films, observed at 1 ps after the pulse excitation. The SiO2 film was used as an 
inert mesoporous substrate, because this insulator does not accept electron 
from the excited CIS. A global minimum between 500 and 650 nm was found 




in the transient absorption spectra for both the CIS/TiO2 and CIS/SiO2 films. 
This transient feature can be attributed to the excited state absorption of CIS. 
Also, the transient absorption spectra obtained for CIS/TiO2 photoanodes 
exhibit a local minimum between 740 and 770 nm due to excited state 
absorption, while no excited state absorption is observed in this region for the 
CIS/SiO2 film. Thus, this difference in excited state absorption indicates 
charge separation at the interface of CIS NCs and mesoporous TiO2 film. This 
excited state absorption band between 740 and 770 nm is unlikely to be the 
absorption of electron in the TiO2 conduction band, which will result in a 
board and featureless transient absorption spectrum in the visible wavelength 
region. Therefore, this transient spectral profile is assigned to trapped holes or 
S
-
 radical states as reported previously.
33, 34
 
























Figure 6.10 Transient absorption spectra of CIS/SiO2 film and CIS/TiO2 
photoanodes prepared by various number of SILAR cycles, obtained at 1 ps 
after 400 nm laser pulse excitation of the deposited CIS NCs.  
 




Transient decay dynamics were determined for the CIS/TiO2 and CIS/SiO2 
films. Figure 6.11 compares the transient decays at 750 nm for CIS/TiO2 and 
CIS/SiO2 films photoexcited at 400 nm. No transient decay signal was 
detected for CIS/SiO2 film as no charge separation occurs at the interface of 
CIS NCs and SiO2 film. In contrast, a multi-exponential decay with relatively 
slow kinetic components was observed for all the CIS/TiO2 photoanodes. This 
transient decay is similar to that observed for dye-sensitized TiO2 films and 
hence it is associated with the interfacial charge recombination between the 
electron in TiO2 and the hole in CIS.
35, 36
 Interestingly, the transient decays are 
retarded with increasing cycles of CIS deposition. These decays, assigned to 
the charge recombination, were further analysed by fitting to a stretch 
exponential function shown in Equation 6.7.
37
 
(∆T/T)t = (∆T/T)0 exp(-t/τ)
α
                               (6.7) 
where (∆T/T)t is the time-dependent transient absorption amplitude at 750 nm, 
(∆T/T)0 is the initial amplitude originated mainly from the S
-
 radical states, τ 
is the lifetime of transient decay and α is the stretch parameter. The fitted 
results are shown as smooth black lines in Figure 6.11 and the fitted 
parameters are summarized in Table 6.1. All decays indicated an excellent fit 
with rather similar initial amplitude values. These values support that efficient 
electron injection occurs irrespective of the number of CIS deposition cycles. 
With respect to the potential energy levels for CIS/TiO2, the conduction band 
edge of bulk CIS is more negative by at least 0.1 eV than the TiO2 conduction 
band edge.
38
 This potential difference between the two conduction bands 
becomes larger with fewer number of CIS deposition cycles, due to 
modification of the electronic states by quantum confinement. Therefore, 




efficient transfer of photoinduced electrons occurs at the CIS/TiO2 interface. 
The stretch parameter resulted in a small value, that is, dispersive kinetics, 
being similar to those obtained for dye-sensitized TiO2 films.
37, 39
 As shown in 
Table 6.1, the smaller the particle size of CIS deposits, the faster is the charge 
recombination kinetic. In the quantum confinement regime whereby the 
particle radius is smaller than the Bohr exciton radius, the band gap of CIS 
NCs increases as the particle size decreases with less SILAR cycles.
16, 40
 With 
increasing band gap, the potential of the hole left in the CIS, following charge 
separation at the CIS/TiO2 interface, shifts positively. Lying in the Marcus 
normal region, the more positive the lowest hole (1Sh) state potential lies, the 
faster the charge recombination rate and decay lifetimes will be.
41, 42
 However, 
it is important to note that there may be shallow or deep hole trap states in the 
CIS deposits that may also influence the charge recombination rates. 























Figure 6.11 Transient absorption dynamics of CIS/SiO2 film and CIS/TiO2 
photoanodes prepared by various number of SILAR cycles. The samples are 
excited at a wavelength of 400 nm and probed at 750 nm. Black solid lines 
indicate fits to a stretched exponential function (Equation 6.7). 




6.2.3 Photovoltaics Measurements 
The term photovoltaic refers to the process of converting sunlight directly into 
electricity using solar cells.
43
 In photovoltaic measurements, various solar cell 
parameters are used to define the performance of a solar cell and these include 
short-circuit current (Jsc), open-circuit voltage (Voc), fill-factor (FF) and 
photoconversion efficiency (η). Short-circuit current refers to the current 
passing through a solar cell when the voltage applied equals to zero. It also 
refers to the maximum current that can be drawn from a solar cell and is often 
associated with the generation and collection of photogenerated carriers. 
Open-circuit voltage is the maximum voltage available for a solar cell, occurs 
when the current is zero. It is generally a measure of the amount of 
recombination in a solar cell. Fill-factor is the ratio of the maximum power to 
the Jsc and Voc of a solar cell. The last parameter, photoconversion efficiency 
(η) is most commonly used in comparing the performance of solar cells. It is 
defined as the ratio of energy output of the cell to the energy input (PIn) from 
the sun and comprises the component of the abovementioned parameters. 
Their relationship is depicted in Equations 6.8 and 6.9. 
Maximum output power, PMax out = Voc × Jsc × FF                (6.8) 
Photoconversion efficiency, η = PMax out ÷ PIn = (Voc × Jsc × FF) ÷ PIn      (6.9) 
 
Table 6.2 presents the solar cell parameters of SSSCs fabricated with 
CIS/TiO2 photoanodes prepared using different number of SILAR cycles. The 
photoconversion efficiency first increases and then decreases with increasing 
number of CIS deposition cycles. This is related to the two opposing effects 
arising from the particle size and absorption properties of the CIS NCs 




deposited on TiO2 film. It is well known that smaller semiconductor NCs 
inject photoexcited electrons into TiO2 films at higher rates. The electron 
transfer rate is dictated by the driving force, –ΔG, i.e. the energy difference 
between the TiO2 conduction band and CIS conduction band. As the particle 
size decreases, the band gap of quantized semiconductor NCs enlarges and the 
conduction band would experience a greater shift upwards than the valence 
band.
44
 Hence, the elevated conduction band of smaller quantized 
semiconductor NCs would inject photoexcited electrons into TiO2 conduction 
band at a higher rate. This in turn enhances the separation of photogenerated 
exciton and increases the efficiency of photocurrent generation. However, the 
opposing effect is the blue shift of absorption onset that results from the larger 
band gaps of semiconductor NCs with smaller particle size. This effect 





Comparing 3-CIS/TiO2 and 5-CIS/TiO2 photoanode, it would be expected that 
photoexcited electrons have higher tendency to be injected into the TiO2 film 
of 3-CIS/TiO2 due to the larger potential energy barrier between the 
conduction bands of CIS deposits and TiO2 film. Nevertheless, the absorption 
intensity and absorption onset of 5-CIS/TiO2 are larger than those of 3-
CIS/TiO2 (Figure 6.7). Also, there is relatively larger amount of CIS NCs 
deposited in 5-CIS/TiO2 photoanode as suggested by EDX elemental analysis 
(Table 6.2). These contribute to a greater number of photoinduced electrons 
produced and hence 5-CIS/TiO2 photoanode exhibits higher short-circuit 
current and photovoltaic performance (Table 6.2). 




As the number of SILAR cycles increases from 5 to 10, the particle size of 
CIS NCs deposited increases and the band gap gradually decreases. Therefore, 
the absorption spectra gradually shift to longer wavelength region and this 
may favour the generation of photoinduced electrons. However, with 
decreasing band gap, the potential energy barrier between the conduction band 
of CIS NCs and that of TiO2 film also reduces arising from the gradually 
decreasing energy levels of the CIS conduction band. This ultimately slows 
the rate of electron transfer from the CIS NCs to TiO2 film and impedes the 
efficiency of charge generation in the photoanode. The slower electron 
transfer rate with smaller band gap is further evidenced by the longer lifetime 
of CIS excited states with increasing particle size of CIS deposits as discussed 
in the previous section. As a result, 5-CIS/TiO2 photoanode has the highest 
short-circuit current. 
 
As shown in Table 6.2, the open-circuit voltage decreased when the number of 
CIS deposition cycles varied from 5 to 10. This trend could be attributed to 
two possible reasons. As abovementioned, larger CIS NCs exhibit slower rate 
of photogenerated electron transfer from CIS conduction band to TiO2 
conduction band and this may lead to higher probability of excitonic 
recombination and hence lower Voc. Secondly, with increasing number of 
SILAR cycles, the greater coverage and loading of CIS deposits will impede 
the liquid electrolyte to fill up the TiO2 porous network completely. As a result, 
the photogenerated holes in CIS cannot be efficiently scavenged by the liquid 
electrolyte and this may also promote the recombination of photogenerated 
charges. Nevertheless, further electrochemical characterization of SSSCs such 




as electrochemical impedance spectroscopy and transient photovoltage and 
photocurrent decay measurements will be required to validate this trend. 
 
Table 6.2 Effect of Number of SILAR Cycles on the Physical Properties and 
Photovoltaic Efficiencies of CIS/TiO2 Photoanodes. 
Photoanode 
Average Atomic 
Ratio of  





Voc (V) FF η (%) 
3-CIS/TiO2 28 : 1.0 : 0.77 : 2.1 2.83 0.487 0.305 0.42 
5-CIS/TiO2 21 : 1.0 : 0.86 : 2.2 4.67 0.529 0.291 0.72 
8-CIS/TiO2 13 : 1.0 : 0.92 : 2.1 4.13 0.512 0.309 0.65 





complex ion is a stable precursor for successful 
deposition of CIS NCs onto mesoporous TiO2 film via SILAR method. The 
crystal structure of CIS deposited can be enhanced by annealing the as-
prepared CIS/TiO2 photoanodes in sulfur vapor at 500 
o
C. By varying the 
number of SILAR cycles, CIS NCs of various particle sizes were deposited. 
The CIS deposited is likely to have a wide range of size distribution due to 
difficulty in size control by SILAR method. Nevertheless, we attempted to 
estimate the mean particle size of CIS NCs by using the band gap energies. 
Transient absorption measurements showed that smaller sized CIS NCs led to 
faster charge recombination kinetics. A delicate balance between the particle 
size of CIS, the coverage of the sensitizer and the absorption of light into 




longer wavelengths is required to prepare a CIS/TiO2 photoanode with higher 
photoactivity. In this work, SSSC fabricated by using 5-CIS/TiO2 photoanode 
showed the highest photoconversion efficiency. 
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General Conclusion and Outlook 
 
This thesis explores several easily scalable methodologies to prepare light 
energy harvesting semiconductor nanomaterials. The extent of control over the 
synthetic process presented by these methodologies is investigated. 
Applications of the prepared semiconductor nanomaterials are demonstrated 
and their performances are optimized by varying the preparation parameters in 
some cases. Several conclusions can be drawn from this study as summarized 




-capped CdS NCs 
The assembly of CdS NCs on conducting substrates in ethanol with the aid of 
a small electric field is made possible by the exchange of organic surface 
ligands on the NCs with Na4SnS4 ligands. On the other hand, the Na4SnS4 
ligands introduce trap states which quenched the PL of CdS NCs and also 
resulted in persistent photoconductivity observed for the SnS4
4-
-capped CdS 
nanocrystalline films. Nevertheless, the use of metal chalcogenide complexes 
(MCC) such as Na4SnS4 as NCs surface ligands has great potential given the 
wide variety of MCC available. Moreover, new type of MCC can be designed 
to achieve the following purposes: (i) bind strongly to the nanocrystalline 
cores and passivate the NCs, (ii) impart a negative surface charge to the NCs, 
(iii) preserve the electronic structure and photophysics of the NCs, and (iv) 
support efficient charge transport in the nanocrystalline solids. In all, different 
NCs such as metallic, semiconductor and magnetic nanoparticles can be 




capped with compatible MCC ligands and assembled by using EPD to prepare 
nanocrystalline superlattices and solids. 
 
7.2 TiO2 NTAs and PbS decorated TiO2 NTAs 
We demonstrated that electrochemical anodization of Ti foil is a straight-
forward method to produce self-assembled TiO2 NTs with highly ordered 
arrays. By controlling the electrochemical parameters such as anodization 
potential, TiO2 NTAs of desired morphology, tube diameter and tube length 
can be easily obtained. The photodegradation performance of TiO2 NTAs is 
largely determined by the interplay of polymorph composition, morphology 
and absorption profile which are controlled by the calcination temperature. It 
is noted that the Ti substrate may limit the applications of TiO2 NTAs. 
Furthermore, it will be more economical to have the TiO2 NTAs separated 
from the Ti substrate so that the Ti foil can be reused to prepare more TiO2 
NTAs. However, one major challenge in detaching the nanotubular TiO2 film 
from the Ti foil is that the free standing nanotubular TiO2 film is extremely 
delicate and requires careful handling. Also, it often curls and even cracks 
when it is annealed at high temperature.  
 
In the second experiment, rock-salt structured PbS crystals are successfully 
electrodeposited onto the TiO2 NTAs. The use of 1-thioglycerol (TG) as the 
capping agent improves the size distribution of the deposited PbS. However, 
the average sizes of PbS crystals are still not in the quantum confinement 
regime and hence TiO2 NTAs are not sensitized by the deposited PbS and their 
photocatalytic activity is thus not enhanced. Further studies are required to 




elucidate the growth mechanism of the electrodeposited PbS crystals in order 
to better control the size of deposited PbS. 
 
7.3 CdS/TiO2 Nanocomposites 
We developed an easy route to deposit CdS NCs directly onto TiO2 
nanoparticles by reacting an air-stable CdS molecular precursor (CMP), [(2,2’-
bpy)Cd(SC{O}Ph)2], with TiO2 nanoparticles in the presence of a capping 
agent, 1-thioglycerol (TG). This in situ chemical bath deposition (CBD) 
method overcomes the difficulty in controlling both the size and loading 
coverage of the deposited NCs faced by most direct deposition methods.  At 
optimum feed ratio of TG/CMP = 12.5, the loading coverage of CdS NCs of a 
fixed particle size can be tuned by varying the feed ratio between TiO2 
nanoparticles and CMP. The specific hydrogen production rate of CdS/TiO2 
nanocomposite prepared at most optimal conditions is ~25 times more than 
that of pure TiO2 nanoparticles. This enhanced hydrogen production activity is 
mainly attributed to the improved light-harvesting capability of CdS/TiO2 
nanocomposite. For optimum solar energy conversion, the band gap of 
semiconductor NCs should lie between 1.2 and 1.4 eV to allow absorption of 
radiation in the near-infrared (NIR), visible and UV spectrum. Metal sulfides 
such as PbS and MoS2 are potential semiconductor NCs to be coupled with 
TiO2 as their band gap can be tuned within this spectral region and they form 
Type II band alignment with TiO2. Therefore, preparation of single source 
molecular precursors for these metal sulfides can be explored to allow their 
direct growth on TiO2 or other compatible metal oxide nanoparticles.  
 




7.4 CIS/TiO2 Photoanode 




complex ion, via SILAR method. After annealing in 
sulfur vapour at 500 
o
C, CIS/TiO2 photoanodes are fabricated into solar cells 
to examine their light-harvesting capability. The particle size of CIS NCs can 
be easily manipulated by varying the number of deposition cycles but SILAR 
deposition resulted in a broad size distribution of CIS NCs. A delicate balance 
between the particle size of CIS, the coverage of the sensitizer and the 
absorption of light into longer wavelengths determines the ultimate 
photoactivity of the CIS/TiO2 photoanode. Transient absorption measurements 
showed that smaller sized CIS NCs led to faster rate of charge recombination 
at the interface of the TiO2 and CIS. In order to suppress this recombination, 
ZnS can be deposited onto mesoporous TiO2 film via SILAR method to 
passivate the surface states of TiO2 and prevent the direct contact between 
TiO2 and CIS. 
 
One significant obstacle between the fundamental studies and widespread 
applications of nanomaterials is the mass production of high quality 
nanomaterials. Currently, the bottom-up approach to prepare nanomaterials by 
wet chemical methods offers the best route to produce nanomaterials in 
massive amount. This type of preparation method essentially builds 
nanomaterials from atoms and molecules. In order to ensure a narrow size 
distribution and well defined dimensionality, nanomaterials are typically 
prepared at low concentrations. Direct scale-up of synthesis by increasing 
concentration of reactants generally results in the formation of non-uniform 




and defective nanomaterials with a wide size distribution. As a result, the poor 
quality nanomaterials obtained in scale-up production limit their commercial 
feasibility.  
 
Chemical stability is another key consideration for applications of 
nanomaterials. The large specific surface area of nanomaterials makes them 
reactive to many environmental agents that may modify their intrinsic 
properties or lead to degradation. For instance, the surface chemistry of 
nanomaterials will be changed when oxidation or hydrolysis occurs at the 
surface of nanomaterials in the presence of oxygen or moisture respectively. 
This changed surface chemistry may affect the optoelectronic properties of the 
nanomaterials. In order to circumvent this problem, new surface ligands and 
capping agents may be developed to protect the nanomaterials from 
environmental agents. Also, nanomaterials can be coated with a thin shell of 
chemically inert metal oxide. 
 
 
 
 
